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Abstract
Wood is a useful construction material, but it has less desirable properties such as poor 
durability and poor dimensional stability. These problems can be reduced by using 
various chemical treatments. Increased environmental awareness has raised the demand 
for more environmentally friendly methods. Heat treatment is an alternative method for 
improving these properties with no use of chemical additives. When wood is heated, 
chemical changes start to take place inside the wood structure. These changes result in 
increased durability and dimensional stability. In this thesis, a method developed in 
Finland called ThermoWood has been used in which wood is heated in an atmosphere of 
superheated steam that serves as a shielding gas.  

Various property changes due to heat treatment have been studied in this thesis: Colour 
and strength (Paper I), internal checking (Papers II & III) and capillary absorption (Papers 
IV–VII). Some smaller unpublished studies are also presented. 

Paper I focuses on colour and strength response of birch to heat treatment. A method for 
measuring colour heterogeneity was devised. The results show that there is measurable 
colour heterogeneity present in birch after heat treatment. Paper I also examines the 
possibility of using colour for predicting mechanical strength in heat-treated birch, but it 
is concluded that it is not a suitable method. Impact testing did not give any clear results 
in strength loss, but it showed significant changes in mechanical failure mechanisms; it 
showed that heat treatment increased the mechanical failures between fibres in birch.  

When heat-treating boards thicker than 50 mm, there is a risk of internal checking, 
especially in spruce. The results show that internal checking in heat-treated spruce is 
caused by both thermal degradation and drying, but drying has the greatest influence on 
crack formation. 

One of the main reasons for heat-treating wood is to reduce the hydroscopic properties. 
Heat-treated wood has lower equilibrium moisture content and lower wettability as 
demonstrated by contact angle measurement. Increased water uptake has been discovered 
when Scots pine treated at around 170°C is subjected to free water in such way that 
capillary absorption is possible. The results in Paper VII indicate that extractives are a 
contributing factor to this increased absorption. The results also show that extraction by 
water soaking causes capillary water absorption in Scots pine to decrease in samples dried 
at 60°C and cause an increase in samples treated at 200°C. After extraction by water 
soaking, the reducing effect of heat treatment on capillary water absorption had 
disappeared.
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Background
Historically, wood has been used for everything from needles to building churches. One 
might think that today’s new technology and development of new materials would make 
wood obsolete. But despite these new competitors, wood is still used on a very large 
scale.

However, there are some obstacles when working with wood, and most of them are 
associated with its hydroscopic properties in combination with anisotropic swelling and 
shrinkage due to changes in moisture content (MC). In addition to this problematic 
dimensional instability, there are other moisture-related problems, such as biological 
degradation. MC has major effects on the durability of wood, since fungi and bacteria are 
dependent on the presence of water for their survival. As long as the MC is kept under 
about 20%, there will not be a sufficient amount of water for either fungi or bacteria to 
grow. To physically protect wood from getting in contact with water after the lumber has 
been dried to below 20% MC is an environmentally friendly and efficient way of 
protecting it from biological degradation. This kind of protection is not always easy to 
accomplish, for instance when wood is used outdoors. 

Impregnation of the wood with chemical substances toxic to fungi and bacteria is one of 
the most commonly used methods of preservation. One major drawback of this method is 
that it is toxic to many other organisms as well. These preservatives do not prevent 
problems with dimensional instability. There are, however, methods to stabilize lumber 
chemically, but these are very expensive, and the substances used can also, in some cases, 
be questionable in terms of their environmental effects. 

Some articles and patents on how to improve durability and dimensional stability of 
lumber by only using heat were presented during the first half of the previous century 
(Stamm and Hansen 1937; Stamm, Burr and Kline 1946; Seborg, Millet and Stamm 
1948; Thunell and Elken 1948). However, it took about 50 years before heat treatment 
was commercialized on a larger scale. 
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Physical structure of wood 
Wood consists of a lignified xylem that is composed of long slender cells mainly oriented 
with their longitudinal extension in the direction of the stem. The cells are hollow and 
interconnected to each other by pit openings. There are several different types of cells in 
the xylem to meet the different needs of the living tree, such as strength, transport and 
storage. The type and features of these cells differ not only between hardwoods and 
softwoods, but also between species, heartwood and sapwood, early wood and late wood.   

Softwood 
In softwoods, two different cell types can be found: tracheids and parenchyma cells. 
Approximately 90%–95% of the fibres in softwoods are tracheids. Tracheids in softwood 
provide strength and transportation capabilities to the tree. Tracheids found in latewood 
mainly provide strength, while those found in earlywood provide transport capability. The 
length of tracheids in Scots pine and Norway spruce is approximately 1–5 mm and the 
width is between 10 and 40 m, depending on whether it is earlywood or latewood.  

Tracheids are interconnected tangentially and longitudinally by bordered pits. These can 
be thought of as check valves and are sealed when the cell is emptied of water. This 
phenomenon is called aspiration (Figure 1). Tracheids found in earlywood contain 
approximately 200 pits each, while those in latewood contain fewer. Situated radially in 
the wood there are rays that handle transport in the radial direction. 

Figure 1: Bordered pits are sealed through aspiration. The torus is a circular plate located inside 
the pit cavity and kept in place by the margo, consisting of thin strands. When a cell is emptied of 
water the pressure difference pulls the torus towards the cell wall, thereby sealing it.     

Parenchyma cells constitute approximately 5%–10% of the cells and are mainly found in 
rays and around resin canals (epithelial parenchyma). In sapwood, parenchyma cells 
contain living protoplasm and serve as nutrient storage, but the protoplasm is lost during 
heartwood formation. Rays in Scots pine and Norway spruce consist of 4–10 ray 
parenchyma cells accompanied by a small number of radial tracheids. In pine, these are 
connected by large fenestriform pits, while in spruce they are connected only by small 
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simple pits (Figure 2). 

Figure 2: Pit openings connecting radial rays with longitudinal tracheids are different between 
Norway spruce and Scots pine. Pit openings in pine (right) are larger in comparison to pit 
openings in spruce.  

Hardwoods 
Hardwoods have a more heterogeneous structure compared to softwoods (Figure 3), and 
the cells are more specialized. Vessels are cells that only provide water transport 
capabilities, while strength is provided by libriform fibres. Vessels have an open structure 
and are not interconnected by bordered pits. Since hardwoods do not undergo aspiration, 
they will keep an open structure even after drying. Hardwoods also contain some fibre 
tracheids, which provide both strength and water transport capabilities.  
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Figure 3:  Softwoods (Norway spruce) have a more homogeneous structure than hardwoods 
(Birch). (H.A. Core, W.A. Côte, A.C. Day 1979)  

Cell wall of wood 
Cells in wood are separated by the middle lamella, which is a lignin- and pectin-rich layer 
that works as mastic between the cells. The actual cell wall consists of a primary layer 
and a secondary layer that can be divided into three sublayers (S1, S2 and S3) as in Figure 
4. Both primary and secondary layer are composed of microfibrils, which are a bundle of 
cellulose chains. The properties of each layer are highly attributed to the orientation of the 
microfibrils. Microfibrils work as reinforcement and limit swelling in the direction of the 
microfibrils.
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Figure 4: The cell wall consists of a primary cell wall (P) and a secondary cell wall that can be 
divided into three sublayers, S1, S2 and S3. The cells are separated by the middle lamella (ML).  

Primary cell wall 
In a growing tree, the primary cell wall is the first layer to be lignified. The primary cell 
wall expands during the growth of the cell wall. This expansion is facilitated by the 
random orientation of the microfibrils. 

Secondary cell wall
A majority of the volume in the secondary cell wall is occupied by the second sublayer 
(S2), which consequently is the layer with the greatest influence on wood properties. 
Microfibrils in the S2 layer are almost parallel in orientation (Figure 4) to the extension of 
the cell, which is a main contributor to the great difference between longitudinal and 
cross-sectional swelling. Swelling of the cell wall layers occurs orthogonally to the 
microfibril orientation and thereby also to the orientation of the cell.   
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Chemical structure of wood 
Wood consists of cellulose, hemicellulose and lignin, and together they are referred to as 
holocellulose. The remaining compounds are extractives, e.g., fats, waxes and resin, that 
are not components of the actual cell wall.  

Cellulose
About 40%–50% of the wood material consists of linear polymer chains of -D-
glucopyranose, i.e., cellulose. One cellulose chain consists of 7000–15,000 monomeric 
units that are linked together by glycosidic bonds (oxygen bridges) (see Figure 5).

Figure 5: Part of a Cellulose chain that consists of -D-glucopyranose units. 

A D-Glucose unit can exist in five different configurations wherein the -D-
glucopyranose is the most stable one, and open aldehyde is the most unstable. The units 
within the cellulose chain are fixated as -D-glucopyranose form by the chain structure, 
while the last unit in the cellulose chain can exist as an open aldehyde and is therefore 
easily oxidized.  

A bundle of cellulose chains held together by hydrogen bonding between their OH-
groups is called a microfibril. The lack of side branches and the positions of the hydroxyl 
groups enable formation of strong crystalline regions within the microfibrils. These 
crystalline regions are believed to be associated with the core of the microfibril, while the 
outer parts contain the more hydrophilic amorphous parts (Chanzy 1990). 

Hemicellulose
Hemicellulose is a polysaccharide where the monomeric units are kept together by 
glycosidic bonds, but in contrast to cellulose, it is built up of highly branched chains of 
several different sugar units. Each chain contains approximately 100–400 monomeric 
units. The main chain of hemicellulose consists most commonly of either glucose and 
mannose (glucomannans) or xylose (xylans). The presence of a high number of side 
branches contributes to the highly amorphous structure of hemicellulose. This means that 
its hydroxyl groups are easily accessible. This is the reason most of the moisture in wood 
is bonded to the hemicellulose. Hard woods contain more pentosans and have a higher 
level of acetylation than softwood.

Lignin
 Lignin is the compound that gives wood its stiffness, and it consists of a highly complex 
and amorphous network formed through radical polymerization of three different phenols. 
The random coupling of the different units in lignin makes it the most complex polymer 
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in wood. The two main bonding types found in lignin are: strong carbon-carbon and 
weaker ether bonds.  

Extractives
Extractives are all substances that are extractable from wood without damaging the wood 
structure. The main groups of extractives are terpenes, fats/waxes, phenolic components, 
sugars and salts. These extractives’ main function is to protect the living tree as well as 
serving as backup nutrition.
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Property changes 
One of the original reasons to heat-treat wood was to improve the properties of durability. 
Some laboratory studies have shown durability properties comparable to CCA 
impregnation (Viitanen et al. 1994). Other studies have shown an improvement in the 
durability properties of wood, but wood treated in this manner should not be used in 
ground contact and is not likely to be able to replace CCA impregnations (Kamden et al.
1999; Edlund 2003; Epmeier et al. 2003). Another problem is that high durability requires 
high treatment temperatures, which means a great strength loss.  

In a review by Viitaniemi (1996) (cited in Viitaniemi and Jämsä 1996) it is concluded that 
the strength loss is from 0%–30% depending on treatment process. However, the studies 
in this review only look at small specimens. When small samples are studied, more 
information on the changes in the wood is obtained, while testing of full-length beams is 
more a measurement of the weak points in the beam. According to Bengtsson, Jermer and 
Brem (2002), strength reduction was about 50% in full-length spruce and pine beams 
treated at 220°C for 5 hours. This is reasonable, since the knots are highly affected by the 
heat treatment and are therefore going to weaken the beams. The 5th percentile was 
reduced by 66% for spruce and by 55% for pine. The 5th percentile is the value used in 
calculations of constructions. 

After heat treatment, the wood acquires a darker colour. This colour change is often seen 
as a positive effect, especially in hardwoods. The colour change creates a potential for 
wood to reach new markets where more exclusive hardwoods are normally used. It has 
also been suggested that colour has the potential of predicting the quality of heat 
treatment by predicting various property changes such as chemical changes (Bourgois, 
Janin and Guyonnet 1991), strength loss (Bekhta and Niemz 2003) and mass loss due to 
thermal degradation (Patzelt, Emsenhuber and Stingl 2003). 

One important reason for heat treatment is to obtain a more dimensionally stable material 
by reducing the equilibrium moisture content (EMC). The reduction of the EMC is about 
0%–50%, depending on how the treatment is performed (Thunell and Elken 1948; 
Schneider and Rusche 1973; Chirkova et al. 2005). However, there are also some 
controversial reports on the reduction of sorption. According to Obataya et al. (2000), the 
original sorption can be almost fully restored by post-treatments such as boiling.  

It is generally accepted that heat treatment also lowers the wettability of wood (Hakkou et
al. 2005; Pétrissans et al. 2003; Gérardin et al. 2007). But Metsä-Kortelainen (2005) has 
shown that sapwood of pine actually increases in water absorption during floating tests 
performed after heat treatment at temperatures below 210°C.  
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Chemical changes of wood when heated 
There are a number of difficulties in describing the changes that take place when wood is 
heated. A range of chemical reactions takes place simultaneously that are combinations of 
both endothermic and exothermic reactions, making determination of onset temperatures 
for different reactions nearly impossible. Analysis is complicated further by interactions 
between reactions in the different constituents. This means analysis performed on an 
isolated derivative of one of the components can be very different compared to what 
actually takes place inside wood. There is not only an interaction within the components 
found inside wood, but also interactions between the wood and the treatment atmosphere.  

Treatment atmosphere 
The result of heat treatment is highly dependent on the presence of oxygen and water. 
Presence of oxygen will lead to oxidative reactions that can be prevented by treating in an 
inert atmosphere such as oil, nitrogen, water or steam. Using steam is an efficient and 
cheap way of creating an inert atmosphere, but it also influences the reactions that take 
place during the treatment. According to Stamm (1956), thermal degradation is greater in 
a system where water or moisture is present. 

Differences in degradation have been found between samples treated in closed and open 
systems (Stamm 1956). This is because there will be a build-up of chemicals such as 
acetic acid in the closed system that can then interact with the chemical reactions taking 
place. These tests were performed on thin samples, and it is not clear how thicker boards 
are affected by the increased acidity in a closed system.     

Hemicellulose
The compound most sensitive to heat is also the most hydrophilic one, i.e., hemicellulose. 
It is generally accepted that degradation of hemicellulose results in less accessible 
bonding sites for water (OH-groups). Hardwoods are less thermally stable than softwoods 
(Fengel and Wegener 1989). Ramiah and Goring (1967) showed that isolated birch xylan 
starts to degrade at 117°C and pine glucomannan at 127°C. The lower stability of 
hardwood hemicellulose is thought to be mainly attributable to the higher presence of 
pentosans, which have a less favourable and thus a more reactive structure than hexosans. 

The majority of the energy consumed by endothermic reactions below 150°C is related to 
evaporation of cell wall bound water (Fengel and Wegener 1989). In order to get the 
improved properties in a reasonable time, heat treatment is normally performed at 
temperatures of at least 170°C. According to Stamm (1964) the dehydration is not the 
only explanation for lowered hygroscopicity but also formation of furfural polymers from 
degraded carbohydrates.

Degradation of hemicellulose also produces degradation products such as acetic acid, 
methanol and volatile heterocyclic compounds. The acetic acid is generated when the 
acetylated hydroxyl groups of the hemicellulose chains are split off.  
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Cellulose
Crystalline cellulose starts to degrade at about 300°C (Kim et al. 2001), which means that 
degradation of cellulose is not a big issue in heat treatment of wood. However, according 
to Fengel and Wegener (1989), the degree of polymerization (DP) is already decreased at 
temperatures above 120°C (100°C in isolated cellulose). Decrease in DP is due to chain 
scission (cleavage of the glucosidic bonding) that is accelerated by the presence of acids 
that are catalysing the reaction. Sundqvist (2006) analysed the molecule size of cellulose 
in heat treated wood by using intrinsic viscosity measurements and showed that heat 
treatment results in a considerable reduction in molecule size of cellulose. It was also 
found that the reduction of intrinsic viscosity can be deferred by using buffer solutions at 
high pH during hydrothermal treatments at 180°C.

Lignin
According to Sanderman and Augustin (1963), lignin is the most thermally stable 
compound of wood when heating takes place in an inert atmosphere, but when oxygen is 
accessible, the oxidative decomposition of lignin can be substantial. However, even if 
lignin is considered the most stable component and will not undergo thermal degradation 
resulting in great mass loss, it will undergo modifications of its structure. Already at 
130°C, homolytic cleavage of the -O-aryl ether linkage in lignin model compounds has 
been seen (Westermark et al. 1995). The formation of free radicals is believed to generate 
reactions creating condensation products and possibly also cross-linking between lignin 
and polysaccharides (Tjerdsmaa et al. 1998; Sivonen et al. 2002). According to Sivonen 
et al. (2002), a decrease in methoxyl-group content might explain some of the improved 
dimensional stability found in heat-treated wood by increased cross-linking within the 
lignin complex.     

Extractives
According to Nuopponen et al. (2003), fats and waxes migrate to the surface when pine 
sapwood is heat-treated at 100°C–160°C. In treatment above 180°C, fats or waxes were 
no longer detectable. In treatments above 200°C, resin acids were also undetectable. 
According to Manninen et al. (2002), heat treatment lowers the emission of VOC by 8 
times compared to air-drying in pine, but only 14 out of 41 identified compounds were 
found in both samples, which indicates that significant chemical changes had occurred.  
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The heat treatment process 
For the work in this thesis, a method called ThermoWood was used. It was developed by 
VTT in Finland (Viitaniemi et al. 1996). The process can be performed on green as well 
as predried wood. This method is the one that has received the biggest commercial 
breakthrough—production in 2007 was 72,485 m3. The treatment is performed in an 
environment with superheated steam at atmospheric pressure in order to create an inert 
atmosphere, since presence of oxygen will lead to an oxidative degradation. How this 
displacement of oxygen is solved is the major difference between ThermoWood and other 
treatment methods found today.  

Plato Process 
The Plato process (Ruyter 1989; Boonstra, Tjeerdsma and Groeneveld 1998) is a two-step 
process. The first step is performed on wood saturated with water in a hydrothermal 
treatment at 160°C–190°C at superatmospheric pressure. The second step is a curing step 
performed at 170°C–190°C at atmospheric pressure without air present, but before this 
step the wood has to be dried to about 10% MC. 

Retification
The Retification process is performed at 210°C–240°C in a nitrogen atmosphere 
containing no more than 2% oxygen and is done on predried (12% MC) wood (Vernois 
2000).

Les Bois Perdure 
The Les Bois Perdure process starts with a drying step for green wood. After initial 
drying, the wood is heated in a steam environment generated by the water in the wood 
(Vernois 2000). 

Oil heat treatment 
In this method, the treatment is performed in a hot oil bath. Typical treatment temperature 
is 180°C–220°C (Rapp and Sailer 2001). Tests are being performed on how this process 
can be further improved by using oil with chemically active groups added and thereby 
performing a combination of both chemical modification and heat treatment (Tjeerdsma
et al. 2005).  
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Description of the process 
Two different ways of describing the heat-treatment process have been used in this thesis. 
In Papers II and III, the process schedule was divided into five parts as shown in Figure 6. 
In Paper I, regimes II and III were regarded as one and the same. 

Figure 6: Process schedules used in the experiment. Dotted line shows relative humidity. Process 
is divided into five regimes. I) Heating regime II) 1st Drying regime III) 2nd drying regime IV) 
Treatment regime V) Cooling regime (Figure from paper II) 

I) Heating regime: Heating with saturated steam generated at 130°C injected into the 
kiln at atmospheric pressure. 

II) 1st drying regime: Drying step which can be either high- or low-temperature drying 
(above or below 100°C). 

III) 2nd drying regime: The regime where the final drying takes place. During this regime 
the chemical reactions accelerate. 

IV) Treatment regime: The temperature is kept constant, normally for 2–4 hours. Time 
and temperature during regime IV normally define the heat-treatment class. During 
this regime, steam is continuously added and ventilated to reduce problems related to 
closed systems.  

V) Cooling regime: Cooling the wood with steam at 130°C followed by water spraying 
until the kiln is opened. In industrial practice, it is common to include a conditioning 
regime for remoistening. The conditioning regime has only been used in Paper I. 
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The relative humidity (RH) during the heat-treatment regime in this method is low, even 
though steam is used as a shielding gas. RH is calculated by dividing the partial pressure 
with the steam saturation pressure at the present dry-bulb temperature. For example, if the 
process is running at a dry-bulb temperature of 120°C and wet-bulb temperature of 
100°C, the saturation pressure at 120°C is about 2 bars. If the wet bulb is 100°C at 
atmospheric pressure, it means there is practically only steam there, which means the 
partial pressure is the same as the atmospheric pressure, which is about 1 bar. This means 
that at 120°C/100°C (dry bulb/wet bulb), the RH is approximately 50%.  
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The kiln 
The steam is generated at about 3.5 bars in a steam boiler connected to the kiln. At all 
times when dry-bulb temperature is above 130°C, steam is continuously injected to the 
kiln. Inside the kiln, superheated steam is created by further heating with the heating coil. 
The superheated steam then works as a shielding gas. The kiln used in this thesis is shown 
in Figure 7. It is a small experimental kiln, which limits the batch sizes to a maximum of 
500 x 370 x 2500 mm. The kiln is located inside a shipping container situated at the Luleå 
University of Technology campus in Skellefteå. 

Figure 7: The experimental kiln used for heat treatments at Luleå University of Technology. Due 
to the size of the kiln, the batch size is limited to less than half a cubic meter. 

In Figure 8 it can be seen that the kiln in its basic design and features is very similar to an 
ordinary lumber-drying kiln. Obviously, there are differences, for instance the size and 
the fact that it can withstand temperatures of 230°C. Industrially, the direction of the 
airflow during the process is alternated. This is done to achieve a more even drying and 
treatment. But since the experimental kiln used in this work is fitted with a radial fan, this 
is not possible to do. The small kiln size and the fact that it is not an energy-intensive 
process should mean that the air reversal is of minor importance. The idea that it is not an 
energy-intensive process can at first seem a bit strange. The heat capacity of wood is 1.36 
kJ/kg, which means it would take 272 kJ/kg to increase the temperature of dry wood by 
200°C. If this is compared to 2260 kJ/kg, which is the evaporation energy of water at 
100°C and atmospheric pressure, it is easy to see that drying consumes much more 
energy.  

In order to make the kiln this small, the air flows along the boards instead of across them 
as in an ordinary kiln. For this purpose, special metal stickers with air passages were 
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designed.

Figure 8: Graphical description of the kiln. All basic functions of an industrial drying kiln are 
present. The radial fan makes it impossible to reverse the airflow as is done industrially. Due to 
the limited size, stickers with air passages were designed. (Figure from Papers I & II) 

The rather extreme conditions during treatment make the process complicated to study. 
There are, for instance, not many sensors that can withstand the acidity, water vapour and 
high temperature. The combination of heat and steam also makes it impossible to remove 
samples from a running process in this kiln. But even if it were possible to take samples 
out, it would be hard to predict what the effects of the sudden change in climate would be.  
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Prediction of strength 
Strength loss due to heat treatment does not necessarily need to be a big problem as long 
it is possible to predict it. If predictions of strength can be made with good accuracy, 
designs can be changed to suit the new properties. In Paper I, various ways of predicting 
strength in heat-treated birch were studied. The predictions were made for small, clear 
wood samples in both static and impact bending. The multivariate statistical method 
Partial Least Square (PLS) was used for establishing the prediction models.  

One of the objectives with Paper I was to study if colour could have potential for strength 
prediction industrially. Therefore, two models were created for both static and impact 
bending; i.e., one based on colour measurements and the other on the process parameters. 
Apart from the colour and the process parameters, the models were also based on density, 
EMC, position in the board and size of specimen. In static bending, the modulus of 
elasticity (MOE) was also used.  

The conclusion of Paper I was that colour measurements are not suitable for strength 
prediction industrially. It is possible to use colour as a predictor, but the process 
parameters give better predictions. The model based on process parameters also confirms 
earlier studies (Stamm 1956) showing that temperature during treatment affects thermal 
degradation much more than treatment time. It was not possible to achieve a working 
prediction model for impact bending, probably due to the fact that MOE was not included 
in the model. It was included in the static bending model where it was the most important 
factor for describing the variation in bending strength.  

Matched samples 
In addition to the samples tested for the predictions models, matched samples were tested 
to get a sense of the level of strength reduction. Some of the results from the matched-
sample testing are presented in Paper I. The results presented are for heat-treated birch. 
Pine and spruce were also studied, but not included in Paper I. In Table 1, all results from 
the matched-sample testing are presented. 

Table 1: Results from static bending testing with matched samples. Each pair contained one 
untreated sample and one sample treated at 200°C. The testing was done with matched samples.  

Strength
Untreated 

Strength
Treated

Strength
loss

MOE
untreated

MOE
treated

MOE
loss

Density 
lossSpecies Number 

of pairs 
[MPa] [MPa] [MPa] 

(%) [MPa] [MPa] [MPa] 
(%)

[kg/m3]
(%)

Birch 20 145 82 62
(43) 13765 13500 265

(1.9)
41

(7.4)

Pine 20 93 73 20
(21) 9572 9206 366

(3.8)
25

(6.0)

Spruce 20 104 79 25
(24) 12441 12246 195

(1.6)
9

(2.1)
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All three species in the matched-sample test displayed a significant loss in strength and 
density, but not in MOE. The results show that the process affects different species in 
different ways, probably due to their differences in chemical composition.  

Fracture due to shearing 
Even though no prediction models for strength were achievable for impact bending, the 
testing still resulted in some interesting findings. During testing, the samples sometimes 
acquired fractures with shearing to one of the end surfaces (Figure 9), and every time this 
happened, it was recorded.  

Figure 9: The two different types of fractures defined in the impact testing. Top: ordinary 
fracture; bottom: shear fracture. 
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There is a clear pattern in the distribution of shear fractures shown in Table 2. Higher 
temperatures and longer treatment time spans result in a higher percentage of shear 
fractures. The change in type of fracture is probably due to a reduction in strength 
between the fibres that is highly dependent on the structure of lignin. This means that the 
reduction in shearing strength could be a result of changes in the lignin structure, e.g.,
changes in how lignin is bonded with the hemicellulose or an increased brittleness due to 
increased cross-linking within the lignin complex. Further studies should be done in order 
to determine the cause of these changes. 

Table 2: Percentage of tests in impact bending resulting in shear fracture to one of the end 
surfaces.  

Treatment
temperature

[°C]

Treatment
time
[h]

Fracture to 
end

surface
[%] 

175 0 0
175 1 5.5
175 3 4.4
175 10 5.5
185 2 0
200 0 0
200 1 13.9
200 3 27.8
200 10 44.4
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Colour heterogeneity 
In Paper I, a method is described for determining if the colour after treatment is 
homogeneous. Colour heterogeneity (defined as inhomogeneity in Paper I) was measured 
by making colour measurements with a Minolta Chroma Meter CR310 at different levels 
in a board (Figure 10). 

Figure 10: Cutting of board to measure colour through the board’s thickness. Colour 
measurements were performed on both sides of every slice through the board.

The Minolta measures the colour as three coordinates in three-dimensional colour space, 
as shown in Figure 11. This system is called CIE L*a*b* and works according to the CIE 
standard (Hunt 1995). The part of the coordinate system that is of interest in this work is 
the first quadrant; i.e., positive values of a* and b*.  

Figure 11: The three-dimensional CIEL*a*b* colour space. The L*coordinate is the level of 
lightness. The a* and b*coordinates give the colour of the measurement. The figure also show how 
the colour can be described with the polar coordinates C* (saturation) and h (hue angle).  

In order to describe the colour heterogeneity of a board, each of the colour coordinates 
was plotted against the distance to one of the surfaces of the board. They were then fitted 
with a second-degree polynomial in the same way as the example of the L coordinate in 
Figure 12. It was assumed that an ideal treatment would generate a colour change through 
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the board linearly for each colour coordinate. The heterogeneity was defined as the total 
colour difference between the measurement and the ideal treatment. In order to calculate 
this difference, the constant and linear part of the second-degree polynomial has to be 
excluded. Since this is done for all of the coordinates, it is possible to calculate the total 
colour difference due to heterogeneity. All values are calculated for a distance of 22 mm 
from the surface. 

Figure 12: The L coordinate measured at eight positions through a board. The dashed line shows 
the second degree polynomial fitted to the measured colour component, and the solid line the 
linear part of the polynomial. 

From the measurement performed in Paper I, it is possible to conclude that there is a 
difference in colour heterogeneity. Heat-treated boards showed five times higher 
heterogeneity values than untreated ones (see Figure 13).
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Figure 13: Colour heterogeneity values of birch boards subjected to different heat-treatment 
processes. Each bar shows the heterogeneity of one board. The different colours in each bar 
represent the different colour coordinates’ contribution to the heterogeneity. (Figure from Paper 
I) 

There is difference between the three groups, 200°C, 175°C and untreated, as to which of 
the coordinates is causing the heterogeneity. In the untreated group, the heterogeneity is 
low, and there is almost no contribution from the L* coordinate, while in both treated 
groups, this is the main contributor. This is understandable, since the darkening effect is 
connected to the heat treatment, and since the temperature at the surface of the board will 
be higher than at the core, there should be heterogeneity due to lightness. The relation 
between the L* coordinate and treatment time seems to be fairly linear (see Figure 14). 
As the L coordinate does not stagnate during these time spans, the inner parts of the board 
will not be able to catch up to the surface, and the heterogeneity will persist.  

Between the two temperature levels of the treated boards, there is a difference in all of the 
colour coordinates. As shown in Figure 13, the heterogeneity of the 175°C group has a 
greater influence from the yellow a* coordinate. This agrees with the previous reasoning, 
since, as Figure 15 shows, yellowness increases with time, and then the yellow a* 
coordinate stagnates at about 11, making it possible for the core to become as yellow as 
the surface.

In Figure 16, the same phenomenon can be seen in the red b* coordinate. One difference, 
though, is that the b*coordinate (redness) increases from about 17 in untreated boards and 
stagnates between 22 and 23 for the 175°C group. As in the case with the yellowness, 
there will not be heterogeneity as long as the redness is stagnated and not changing with 
time. But in the 200°C group, redness decreases back towards its original value. This 
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decrease of the b* coordinate is what is causing the contribution to heterogeneity.  

Figure 14: Average values in lightness (L*) of birch for all measurement done in different heat-
treatment processes. (Figure from Paper I) 

Figure 15: Average values in yellowness (a*) of birch for all measurement done in the different 
heat-treatment processes. (Figure from Paper I) 
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Figure 16: Average values in redness (b*) of birch for all measurement done in the different heat-
treatment processes. (Figure from Paper I) 

In Paper I, an exothermic reaction was detected by measuring the internal temperature 
using thermocouples inserted into the wood. The reduction in the b* coordinate (redness) 
seems to coincide with activation of an exothermic reaction inside the wood during 
treatment. The effect of the exothermic reaction can also be seen in how lightness 
contributes to heterogeneity. Due to the exothermic reaction, the temperature at the core 
will actually be higher than the surface temperature for some time. This means that the 
core will at this point darken faster than the surface and thereby reduce the contribution 
from the L* coordinate to heterogeneity. 
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Internal Checking 
Internal checking is often a problem when drying wood that is subject to cell collapse 
during the capillary regime of drying. According to Booker (1994), both internal 
checking and cell collapse are due to the same mechanism. It is negative relative pressure 
during the capillary regime of drying, which leads to tension in the cell walls. The later 
stress reversal then leads to tension in the internal parts of the lumber, resulting in 
propagation of the small checks initiated during the capillary regime. There are problems 
with internal checking in heat treatment as well, but since no free water is present, the 
checks should not be initiated by the same phenomenon.  

Measuring internal checking 
In Papers II and III, internal checking was measured by cutting the boards into slices and 
then visually grading the cross-sections as shown in Figure 17. In the examinations, the 
presence of knots, pith, internal checking and checking associated with knots were 
documented. This method of evaluating the results is time consuming and subjective. If 
further studies are to be done, there is a need for a more objective method. This method 
might be based, for instance, on computerized image analysis to measure the amount of 
internal checking.  

Figure 17: Method used for detecting internal checking. The board is cut and one cross-section 
surface is visually graded. For each visually graded surface, the number of internal checks, knots, 
checks in knots and presence of pith are documented. 
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Loss of dry mass 
Heat treatment of wood results in a loss of dry mass, which causes shrinkage of the wood. 
According to Chang and Keith (1978) there is a strong correlation between loss of dry 
mass and volumetric shrinkage. They also showed that the anisotropy of the shrinkage is 
similar to the shrinkage due to changes in MC. 

Since Chang and Keith (1978) only studied hardwoods, a small test was performed to 
study the anisotropic shrinkage of spruce. Seven samples with the dimensions of 
approximately 35 x 35 x 400 mm were used. All samples were first oven-dried for 24 
hours, and then each sample was measured at three different positions approximately 100 
mm apart. Then heat treatment was performed at 212°C for 3 hours, after which the 
samples were measured once more.  

The results showed an average shrinkage of 1.78% in the tangential direction and 0.68% 
in the radial. This gives anisotropy of 2.6, which is higher than anisotropy due to moisture 
change. The tangential shrinkage due to the heat treatment is comparable with a moisture 
loss of 7%. This means there will either be deformation or stress generated through 
thermal degradation. The results in Paper II strengthen this hypothesis further by a 
statistically significant correlation between dry-mass loss and boards developing internal 
checking.
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Drying 
It is a well-known phenomenon in ordinary wood drying that there will be tensional stress 
in the internal parts of boards. This stress is caused by MC gradient, anisotropy in 
shrinkage and mechanosorptive creep. The effects of mechanosorptive creep are often 
referred to as case hardening or set. Both Paper II and Paper III indicate that drying has a 
major influence on the development of internal checking.  

In Paper III, six batches of spruce boards were heat-treated with three different processes 
(see Figure 17). Three of the batches were predried from 18% MC to 6% MC in a climate 
with 90°C dry-bulb temperature and 70°C wet-bulb temperature, and the other three 
batches started the process with 18% MC.  

Figure 17: The three different process schedules used in Paper III. For each process with different 
time span, two batches were treated, one with 18% initial MC and one with 6% initial MC. A 
seventh process was used as reference. Both initial MC levels were included, but the treatment 
was stopped at the end of the 1st drying regime.  

The results in Paper III showed that both predrying and slower heating rate during the 2nd 
drying regime result in less internal checking. It was concluded that reduced drying stress 
is the most likely explanation as to why the predried batches developed less internal 
checking. As reference, two additional groups were exposed to the same process up to the 
starting point of the 2nd drying regime. One of the groups had 18% initial MC and the 
other was from the predried boards with 6% initial MC. Slicing tests were performed after 
approximately four months of storage. The average split gap directly after cutting was 
about 0.4 mm for samples with an initial MC of 18% while no split gap was detected in 
samples with initial MC of 6%.  
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In Paper III there is a discussion of whether checking might also be an effect of micro 
cracks generated in the boards through fast drying in high temperatures. Therefore, a 
small test was performed on the tangential strength of the reference boards. If there are 
micro cracks present in a board, it should have a lower strength. The test samples were 
cut as shown in Figure 18.  

Figure 18: Samples for tensional strength test in tangential direction. This design was used both 
for comparison of the two different reference groups in Paper III and in a small study of the effect 
of high temperatures on tensional strength. 

The results, shown in Figure 19, do not indicate any reduction in the average tangential 
strength. However, the standard deviation of the predried group is only half that of the 
group with 18% initial MC, and the difference are statistically significant. No explanation 
of the difference in standard deviation has been found. It might simply be the difference 
in the material, since it is a quite small test set. But the results do indicate that there is no 
decrease in tangential strength in the group with 18% initial MC.  
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Figure 19: Tensile strength in the tangential direction for the two reference groups in Paper III. 

There is also a discussion in Paper III of the possibility that there might be property 
changes at high temperatures that can affect the development of internal checking, for 
example, if there is a sudden drop in strength or a drastic change in the MOE. Therefore, 
the tangential strength of a set of matched spruce samples was tested at 150°C, 180°C and 
210°C. The test samples were produced in the same way as the previous test. The tests 
were performed inside an oven. In order to know when the internal temperature of the 
wood had reached testing temperature without damaging the test sample, a reference 
piece was placed right next to the sample. This reference piece was fitted with a 
thermocouple. The internal temperature of this reference piece was used to determine 
when the testing should be started.  
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Figure 20: Testing of tensile strength in the tangential direction in spruce. Testing was performed 
in an oven heated to 150°C. 

Figure 21: Testing of tensile strength in the tangential direction in spruce. Testing was performed 
in an oven heated to 180°C.  
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Figure 22: Testing of tensile strength in the tangential direction in spruce. Testing was performed 
in an oven heated to 210°C. 

From results shown in Figures 20–22, it is possible to see a tendency of the wood to 
become more plasticized at higher temperatures. One explanation for the increased 
plasticized behaviour is that the wood is approaching its glass transition temperature. The 
glass transition temperature in wood is highly dependent on MC. According to Salmén 
(1982), the glass transition temperature for isolated lignin and hemicellulose when dry is 
between 180°C and 220°C. When wet, the transition temperature for lignin is lowered to 
80–90°C, and for hemicellulose to room temperature. This indicates that the internal 
checking occurs before maximum temperature is reached, since during the heat-treatment 
regime, relaxation of stresses is more likely to occur. This is also supported by the slicing 
test performed on heat-treated boards in Paper II, which did not indicate any stress 
whatsoever.



Heat Treatment of Solid Wood: Effects on Absorption, Strength and Colour 

31

Figure 23: Tensile strength in the tangential direction of spruce at 150°C, 180°C and 210°C. 

In Figure 23, the tensile strength is plotted. The results show a 30% reduction in tensional 
strength from 150°C to 210°C that is statistically significant (t = 3.264 and p = 0.0310). 
But there is also a significant reduction of the standard deviation (F = 9.919 and p = 
0.0132). This is probably due to a more even stress distribution when the wood 
approaches the glass transition temperature. This also lends further support to the 
hypothesis of internal checking not occurring during the high temperature regime, 
because if internal checking were to occur above 200°C, the checking should be 
distributed more evenly between the boards, since the difference between them is 
reduced.

Creep behaviour is probably the explanation as to why results in both Paper II and Paper 
III demonstrate that a slower temperature increase in the 2nd drying regime results in less 
internal checking. Since the creep behaviour increases at high temperature, it might be 
possible to avoid internal checking by having very gentle drying down to the fibre 
saturation point and then quickly raising the temperature during the 2nd drying regime. 
That is, if the temperature is increased fast enough, the surfaces of the board become 
softer and do not generate stress inside. Passard and Perré (2004) suggest that high-
temperature drying should be performed at temperatures above the glass transition 
temperature to avoid defects. 
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Capillary absorption 
In Papers IV & VI, a CT scanner was used to monitor capillary absorption in whole 
wood. The data received from a CT scanner form a grey-scale image of a cross-section 
where the grey-scale values can be calculated to represent densities. It is an efficient 
method for detecting moisture changes inside wood, since the density will increase during 
water absorption. In both studies, whole wood samples were placed in water with the 
lower end surface down, enabling capillary absorption in the longitudinal direction.  

Definition of Capillary absorption height  
When comparing the results found in Paper IV and Paper VI, special care has to be taken. 
This is because different calculation methods had to be used due to differences in the 
experimental setup. 

The experimental setup in Paper IV was not ideal for calculating capillary absorption 
height, which has been defined as the height to where the local MC is lower than 30% 
(H30) or 60% (H60). In order to determine the capillary absorption height, volumes of 
voxels were extracted from a stack of CT images. The data extracted can be seen as a 
large stack of images in which the grey-scale value is equal to the density. The height to 
the point where the local MC is below 30% and 60% was then calculated for each voxel 
stack, resulting in a large number of height values. Hence, the capillary absorption height 
was calculated as an average of these heights. This method resulted in a small standard 
deviation, but lacked compensation for swelling. 

Paper VI focused on both absorption and redrying of pine sapwood and birch. Use of 
boards containing only sapwood simplified calculations of Capillary absorption height, 
including compensation for swelling. In Paper VI, an average MC was calculated for each 
CT slice, and H30 and H60 values were calculated as the distance to the point where the 
average MC for the current CT slice was lower than 30% and 60%. This resulted in H30
and H60 values for each board that were used for calculating the average capillary 
absorption heights for all boards subjected to the same treatment. Due to the lower 
number of measurements generated by this method, the standard deviation was 
significantly greater. 

Effect of heat treatment on absorption
Some errors in the conclusions of Paper IV were found after it was published. The correct 
conclusions should read as follow:  

The absorptive behaviour of pine sapwood differs from all the other samples. 

There is a very small difference in absorption between sapwood and heartwood in 
spruce.
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Absorption in pine heartwood is comparable to absorption in spruce sapwood and 
heartwood.

Heat treatment results in an increased capacity to store free water at low 
absorption heights in birch and pine sapwood.  

Heat treatment results in a decreased capacity to transport free water upwards in 
the longitudinal direction in all wood types studied except for pine sapwood. In 
pine sapwood, maximum transport capacity was found at 170°C treatment 
temperature. 

Paper IV and Paper VI confirm the findings of Metsä-Kortelainen (2006), presenting the 
existence of increased absorption when pine is heat-treated at temperatures around 170ºC. 
No significant increase in capillary absorption height was found in either spruce or birch.  

The results in Paper IV suggest that when heat-treated wood absorbs capillary water, it 
will reach higher MC values compared to untreated wood. A similar increase in 
maximum MC was found for pine in Paper VI, but not for birch. One difference that 
might have influenced the results in Paper IV was that the samples were taken out of the 
water several times for CT-scanning, while samples in Paper VI were left in the water for 
the whole absorption period. Every time samples were taken out of the water, there was a 
risk of introducing air into the capillary system. Exactly how this might have influenced 
the results is not clear, but this is likely to be one reason why greater H30 and H60 values 
are seen in Paper VI.

One of the objectives with the study in Paper IV was also to study boards containing both 
heartwood and sapwood in order to see how the different parts interacted, but no 
interaction between heartwood and sapwood was detected.    

Both Paper IV and Paper VI show a decreasing capillary absorption height for increasing 
treatment temperatures in birch (Figures 24 and 25). The results also show that sapwood 
of pine heat-treated at 170°C has an increased capillary absorption in the longitudinal 
direction. This corroborates the results presented in Metsä-Kortelainen (2006) by showing 
an increased absorption in pine sapwood when heat-treated at 170°C. According to 
Metsä-Kortelainen (2006), absorption increases also in samples treated at 190°C and 
210°C, while neither the results in Paper IV nor in Paper VI show any increase in 
capillary absorption height when pine is heat-treated at 200°C. Absorption in Metsä-
Kortelainen was in the radial direction and was measured as an average MC for the whole 
wood sample. An increase in maximum MC might explain the increased absorption for 
samples treated at 190°C and 210°C in Metsä-Kortelainen (2006). In Figure 20 from 
Paper IV, it is seen that, contrary to the results in Metsä-Kortelainen (2006), absorption in 
pine heartwood also shows a tendency toward increased absorption when heat-treated at 
170°C.  However, it is important to remember the differences in experimental setup. 
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Figure 24: Results from Paper IV showing capillary absorption height in longitudinal direction. 
Birch shows a clear reduction in capillary absorption height when heat-treated, while in pine 
sapwood heat-treated at 170°C, the absorption increases. Pine heartwood also shows a tendency 
toward increased absorption with treatments at 170°C. Error bars show the 95% confidence 
interval.(Figure from paper IV)  

Figure 25:  Results from Paper VI showing Capillary absorption height in the longitudinal 
direction. Error bars show the 95% confidence interval. Birch shows a reduction in capillary 
absorption height with increasing treatment temperature. Pine also shows a decrease of the 
capillary absorption height for increasing treatment temperature except when heat-treated at 
170°C. (Figure from paper VI). 
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Effect of heat treatment on redrying 
The results found in Paper VI show that special care has to be taken when heat-treated 
pine is used in applications with access to free water, not only because of the increased 
capillary absorption in samples treated at 170°C, but also because of how it behaves 
during the succeeding redrying. Figure 26 shows the MC during drying after exposing the 
samples to capillary absorption. Samples heat-treated at 170°C and 200°C have a higher 
MC during the whole drying period and a lower drying rate above FSP. These results 
indicate that more research needs to be done in order to determine how heat-treated wood 
performs in outdoor applications when subjected to free water. 

Figure 26: Average MC 5 cm above the lower end surface, i.e., approximately 2.5 cm above the 
water surface during absorption. The average MC directly after absorption (0 days) is higher for 
pine samples heat-treated at 170°C and 200°C, and these samples also dry more slowly. (Figure 
from paper VI). 
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Causes for the increased absorption 

Heat treatment’s effect on pit openings in spruce and pine 
In Paper V, SEM studies were performed in order to study how heat treatment and drying 
influence the anatomic microstructure of pits and pit membranes in pine, spruce and 
birch. The samples used in this study were taken from the surplus material of the boards 
used for studying the capillary absorption in Paper IV. Samples were taken from all three 
species and from both heartwood and sapwood. The study focused on radial surfaces 
carefully split in order to minimize manually caused damage. No visible difference that 
could explain the increased capillary absorption in pine samples treated at 170°C was 
found. Differences were found between how fenestriform cross-field pits in pine and 
piceoid cross-field pits in spruce respond to drying. Drying seems to damage the 
membranes in the fenestriform cross-field pits, which are believed to be important in 
explaining the difference in absorption between pine and spruce. It is probable that drying 
causes ruptures in membranes of fenestrifrom cross-field pits, since no visible difference 
in the level of damage was found between heat-treated samples and dried samples.  

Effect of extraction on the capillary absorption rate 
Paper VII studies how extraction affects the capillary absorption rate in heat-treated pine 
sapwood. Experiments were performed on radial surfaces of samples taken from pine 
boards heat-treated at 170ºC and 200ºC as well as from reference boards dried at 60ºC. 
The samples were taken from the surplus material of Paper VI. Three different extraction 
methods were used to remove the extractives from the samples: ethanol-benzene for six 
hours according to the Japanese standard JIS P 8010 (1995), soaking in deionised water 
for one hour and also a combination of the two.  

One 4µl water droplet was placed on the surface, and the absorption time was measured 
by recording the absorption with a microscope. On the top of the water droplet a 
reflection was created by the microscope light (see Figure 27). This was used to 
determine the absorption time, i.e., the measurement of absorption time was started at the 
time of application of the water droplet and ended when all visual reflections had 
disappeared. The absorption speed was calculated from the measured absorption time. 
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Figure 27: Microscope image of a 4µl water droplet being absorbed into a radial surface of heat-
treated pine. The absorption time was measured from the time the droplet was placed onto the 
surface until the reflection disappeared. (Figure from paper VII) 

The result presented in Figure 28 clearly shows that some extractions have some 
significant effects on capillary absorption.   

The difference in absorption rate directly after drying and heat treatment is significant. 
But the absorption rate is decreased in the reference samples and increases in the samples 
treated at 200°C by water-soaking extraction. From an end user's perspective, further 
research is of great importance in order to see how well these results in absorption rate 
performed on small samples applies to absorption in whole wood, since this could mean 
there might be risk for the improved absorption and wettability properties in pine treated 
at 200°C to be lost when used in contact with free water, which often is the case in 
outdoor applications. The results also suggest that the increase in absorption resulting 
from water soaking might be used for improving glueability by presoaking and drying of 
surfaces before gluing.  

After ethanol-benzene extraction of pine sapwood samples treated at 170°C, the 
absorption rate was significantly reduced. This suggests that it might be possible to find 
part of the explanation for the increased absorption in pine sapwood treated at 170°C in 
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the ethanol-benzene extractive. From the results of the third extraction type it, seems that 
ethanol-benzene extraction prevents water soaking from increasing the absorption rate.     

Figure 28: Average absorption rate of a 4µl water droplet on a radial surface. Error bars show 
the 95% confidence interval (Figure from paper VII). 
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Concluding remarks 

Colour measurements are not suitable for quality control in industrial 
applications. However, there might be a use for colour measurement for scientific 
studies.

There is colour heterogeneity in heat-treated birch which is measurable according 
to the method described in paper I.  

By measuring colour, it might be possible to get more information on reactions 
occurring inside the wood during the treatment process. 

Heat treatment increases mechanical failure between fibres for impact bending of 
birch.

Internal checking is to some extent caused by thermal degradation that generates 
stress through shrinkage due to the loss of dry mass. But the main reason for 
internal checking of heat-treated wood is stress developed through drying. This 
means that it is possible to avoid internal checking by drying the wood slowly so 
that relaxation of drying stress through creep is possible.  

Increased capillary absorption in heat-treated pine sapwood is a phenomenon 
occurring only when heat treatment is performed around 170°C. Treatments at 
140°C and 200°C result in lower absorption. 

Increased absorption in pine sapwood treated at 170°C is not due to damage on 
pit openings. 

Extraction by ethanol-benzene significantly reduces capillary absorption in pine 
sapwood treated at 170°C. 

In some cases it can be more difficult to remove the capillary water inside heat-
treated wood compared to the untreated references. 

Samples treated at 200°C exhibit similar absorption rates as samples dried at 
60°C after extraction by water soaking. 

It might be possible to improve glueability of pine treated at 200°C by presoaking 
the surface. 
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Abstract This paper investigates the effects of thermal treat-
ment of birch with respect to colour and strength. Birch wood
was treated at 175 ◦C and 200 ◦C for 0 h, 1 h, 3 h and 10 h. In
bending-strength experiments, treatment was also performed at
185 ◦C for 2 h. Both static bending strength and impact bending
strength were investigated using multivariate statistics (PLS) for
correlation to process parameters, density, EMC, position in
board, modulus of elasticity (only in static bending), colour and
dimensions of samples. In static bending, two PLS models were
designed, one based on process parameters and the other based
on colour and EMC. From these models it was concluded that
colour is not a useful parameter for prediction of strength. In
impacted bending, the correlation was too small to give useful re-
sults. One test of static bending strength with matched samples
was performed, and it showed a strength reduction of 43% when
treatment was conducted at 200 ◦C for 3 h. Measurement of co-
lour homogeneity of the treated boards showed that the colour is
not homogeneous.

Farbmessung als mögliches Mittel zur Vorhersage
der Festigkeit von wärmebehandeltem Holz

Zusammenfassung In dieser Studie wird untersucht, welche
Auswirkungen eine Wärmebehandlung auf die Farbe und Fe-
stigkeit von Birkenholz hat. Birkenholz wurde bei Temperaturen
von 175 und 200 ◦C über einen Zeitraum von 0 h, 1 h, 3 h und
10 h behandelt. Daneben wurde in Versuchen zur Biegefestigkeit
auch eine zweistündige Behandlung bei 185 ◦C durchgeführt.
Untersucht wurden sowohl die statische als auch die Schlag-
biegefestigkeit und mittels partieller Varianzanalyse (PLS) de-
ren Korrelation mit den Prozessparametern, Dichte, Gleichge-
wichtsfeuchte, Lage im Brett, E-Modul (nur bei statischer Bie-
gung), Farbe und Probenabmessungen bestimmt. Bei der stati-
schen Biegung wurden zwei PLS-Modelle erstellt, wovon eines

D. Johansson (�) · T. Morén
Luleå University of Technology,
Department of Wood Science and Technology,
Skellefeå, Sweden
E-mail: dennis.johansson@ltu.se

die Prozessparameter und das andere die Parameter Farbe und
Gleichgewichtsfeuchte (EMC) verwendet. Diese Modelle erga-
ben, dass die Farbe zur Vorhersage der Festigkeit nicht geeignet
ist. Bei der Schlagbiegeprüfung war die Korrelation zu gering,
um brauchbare Ergebnisse zu erhalten. Ein statischer Biegefe-
stigkeitsversuch wurde mit Probenpaaren durchgeführt. Dabei
zeigte sich, dass die Festigkeit bei einer dreistündigen Behand-
lung bei 200 ◦C um 43% abnahm. Eine Messung der Farbho-
mogenität der behandelten Proben ergab, dass die Färbung nicht
homogen ist.

1 Introduction

Normally, wood is thermally treated in order to improve its
durability, but sometimes thermal treatment is used to change
the aesthetic properties of wood. This is, according to Syrjä-
nen (2001), the main reason for using thermally treated birch
in Finland. The dark colour of the treated birch makes it pos-
sible to replace more expensive and exclusive wood materials
with cheaper wood. Birch can be given a nice surface finish
and is well suited for carpentry. This has opened a new market.
Suppliers who will be able to supply wood within a specified
range of the colour spectrum are a vision of the future. Be-
fore this vision can be fulfilled, more research has to be done
in the area of how process parameters affect these aesthetic
properties.

Another important aspect of thermally treated wood is
strength reduction. According to Viitaneimi (1997), effects of
thermal treatment of wood at temperatures between 185 ◦C
and 250 ◦C are a reduction of the Equilibrium moisture con-
tent (EMC) by 43%–60%, shrinkage and swelling reduction of
30%–80% and a reduction of bending strength by 5%–25%.
The wood species used were spruce, pine and birch. Accor-
ding to the Finnish ThermoWood Association (2003), ungraded
spruce boards treated at 230 ◦C for 5 hours exhibit a 40% re-
duction in bending strength. Tests on clear wood of spruce
showed a substantially smaller change. Results in fact indica-
ted a small increase in bending strength for clear wood with

mailto:johansson@ltu.se
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treatment temperatures below 200 ◦C. Similar results are presen-
ted by Kobojima et al. (2000) with treatments performed in air
and nitrogen atmospheres. One difference is that Kobojima et
al. (2000) used a constant treatment temperature of 160 ◦C and
noted an increase in bending strength when the duration of treat-
ment was less than 4 hours. According to Bengtsson et al. (2002),
a reduction of approximately 50% in bending strength was found
in tests of thermally treated spruce and pine.

In Bekhta and Niemz (2003), the colour of thermally trea-
ted wood was examined to determine the effects of temperature,
time and relative humidity during conditioning and whether there
is a correlation between strength and colour. These experiments
were performed without any shielding gas. The correlation bet-
ween total colour change and the mechanical properties of the
wood was found to be good. Patzelt et al. (2003) conducted ther-
mal treatment inside a pressure vessel. They found good correla-
tion between mass loss and the colour parameters lightness (L)
and hue (h).

The aim of this work was to investigate the influence of vary-
ing process parameters on the mechanical properties of the board
and on colour distribution through the board. The correlation bet-
ween colour and strength was studied in order to examine the
possibility of using colour measurement as a parameter for qua-
lity control of strength.

2 Materials and methods

2.1 Plant and process

A small-scale kiln designed for thermal treatment up to 230 ◦C
was used in these experiments, as shown in Fig. 1. The air flows
along the boards and through specially designed metal stickers.
In this work, the Finnish method for thermal treatment was used.
Superheated steam at 130 ◦C and atmospheric pressure is used
as a shielding gas, which prevents the wood from catching fire.
Figure 2 shows the process divided into five regimes.

Fig. 1 Kiln for thermal treatment of wood by
using superheated steam as shielding gas
Abb. 1 Trockner zur Wärmebehandlung von
Holz mittels Heißdampf als Schutzgas

Fig. 2 Treatment process divided into five regimes. (I) Heating with su-
perheated steam. (II) Drying regime – High temperature drying: the wood
reaches almost 0% MC. (III) Treatment regime – Wet bulb temperature
kept at 99 ◦C by continously injecting steam as shielding gas. (IV) Coo-
ling regime – Cooling rate is regulated with the electric heating coil, steam
and water spray. (V) Conditioning regime – The objective of this regime is
cooling and remoistening
Abb. 2 In fünf Phasen unterteiltes Behandlungsverfahren. (I) Aufheizen
mit Heißdampf. (II) Hochtemperaturtrocknung – die Holzfeuchte geht auf
nahezu 0% zurück (III) Wärmebehandlung – Feuchtethermometer wird
konstant auf 99 ◦C gehalten, indem Dampf als Schutzgas zugeführt wird.
(IV) Abkühlphase – Abkühlgeschwindigkeit wird mittels elektrischer Hei-
zung, Dampf und Befeuchtung reguliert. (V) Konditionierungsphase – Phase
zur Abkühlung und Wiederbefeuchtung

2.2 Experimental design

Nine batches of birch were thermally treated. All batches are
presented with their process parameters in Table 1. Zero hours
means that the batch was heated to the designated treatment
temperature and then immediately cooled down. Except during
the treatment regime, all batches had identical process schedu-
les as shown in Fig. 2. During the heating and cooling regimes,
the wood undergoes some additional treatment due to the high
temperatures. Therefore, the parameter total treatment time is
implemented. The total time above 155 ◦C will be referred to as
total treatment time.
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No. 1 2 3 4 5 6 7 8 9

Temperature (◦C) 175 175 175 175 185 200 200 200 200
Treatment time (h) 0 1 3 10 2 0 1 3 10
Total time above
155 ◦C (h) 4.33 5.33 7.33 14.33 9 10 11 13 20

Table 1 Process parameters used in
the study
Tabelle 1 Verwendete Prozesspara-
meter

Fig. 3 Method for selecting test samples for static- and impact bending te-
sting
Abb. 3 Auswahlverfahren der Prüfkörper für die statische und Schlagbiege-
prüfung

2.3 Specimens

2.3.1 Static bending and impact bending

Treatment was performed on 50×100 mm2 birch boards of va-
rious lengths. Test pieces with clear wood were sawn from each
board as noted in Fig. 3. A total of 720 samples were used for
the mechanical testing, 360 with the dimensions 12.5× 12.5×
200 mm3 were used for static three-point bending tests and
360 with the dimensions 12.5×12.5×120 mm3 for Charpy im-
pact bending tests. Static three-point bending was performed on
a Hounsfield H25KS with a span of 150 mm and a loading speed
of 2.5 mm/min. The Charpy test was performed with a span of
70 mm, and the energy at impact was 14.7 J. After mechanical te-
sting, moisture content was adjusted by oven drying at 103 ◦C for
24 hours. After oven drying, density was measured with an X-ray
CT scanner.

2.3.2 Matched pairs

This test set was designed to compare bending strength of un-
treated and treated birch. Bending tests were performed on 20
matched pairs cut directly adjacent to each other from the same
board, as shown in Fig. 4. A static three-point bending method
was used. Samples were dimensioned to 14 × 14× 250 mm3.
A span of 150 mm and a loading speed of 2.5 mm/min were
used. One of each pair was used as an untreated reference, and
the other one was treated at 200 ◦C for 3 hours. The specimen
picked for treatment was not cut until after the treatment was per-

Fig. 4 Positions from which the samples for matched-pair testing were taken
Abb. 4 Entnahmen der Probenpaare

formed. This was done to reduce the risk of samples becoming
deformed as a result of the heat treatment.

2.3.3 Colour measurements

Colour homogeneity. In the study focusing on the colour homo-
geneity, 16 thermally treated boards were used, together with
three untreated boards used as references. After treatment, the
boards were planed to produce parallel surfaces and then sawn
into slices. All surfaces were sanded to minimize the risk of
variation of colour values caused by differences in surface struc-
ture. Measurements of the colour coordinates were performed
with a Minolta Chroma Meter CR310 with a 50-mm measu-
ring head. The CIE L∗a∗b∗ colour system was used according
to the CIE standard (Hunt 1995). The light source used was
Standard Illuminant D65 (average daylight including ultraviolet
wavelength region). Measurements were made on both sides on
each slice. The number of measurements on each surface varied
due to differences in the lengths of the boards and the num-
ber of knots, since measurements were only performed on clear
wood.

Colour for mechanical testing. Colour measurement of test
samples used in mechanical testing was performed with a high-
sensitivity colour line-scan camera, Dalsa CL-T7-2048W. The
line camera consists of three light sensitive sensors, one each for
red, green and blue. When a sensor is registering an image, it
sweeps over the object pixel by pixel. After a line is registered,
the measurement object is moved, and a new sweep will be per-
formed. From each of the sensors, a number between 0 and 255
will be received for each pixel. All three sensors do individual
sweeps along an individual line. The result will be three matrices,
one for each colour, which together make up the colour image.
The data collected for each specimen are average values and the
standard deviation for each colour within the measured area. All
the measurements were made with the same illumination.
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2.3.4 Colour homogeneity

To analyze the measured colour, the statistical software Jmp was
used. The L∗, a∗ and b∗ coordinates were measured on all boards.
L∗ is the lightness, positive a∗ is the red parameter, positive b∗
is the yellow parameter. The colour is defined as homogenous if
it can be described with a linear function between the surfaces.
The colour differences at the surfaces of the boards are assumed
to be caused by differences in treatment conditions inside the
kiln. Although there are colour differences caused by sapwood,
heartwood, annual rings and other conditions, these differences
are assumed to be smaller than the differences caused by the
treatment.

A second-degree polynomial was fitted to the L∗, a∗ and b∗
data. Since there are three colour coordinates, this will give three
equations describing the change through the board. The equa-
tions were denoted L(x), a(x) and b(x). Then three new functi-
ons are calculated and denoted Lnew, anew and bnew. These new
functions have the same curvature as the original ones, but are
of a standard thickness of 44 mm and intersect the x-axis at 0
and 44. This thickness was chosen so it would correspond to
a thickness of 50 mm with 3 mm planed on each side. From these
new functions it is possible to calculate the colour difference cau-
sed by the curvatures. The colour difference between x = 0 and
x = 22 is calculated as follows:

ΔEnew =
√

ΔL2
new +Δa2

new +Δb2
new

2.3.5 Data analysis

In both the static bending tests and the impact bending tests,
a prediction model was designed with the multivariate statistics
software Simca. Analysis was made with partial least squares
(PLS) regression. PLS is a regression method that handles multi-
ple Y and multiple X. The result of the PLS analysis is a number
of coefficients (B). The relation can be expressed in matrix form
as

Ynm = XnkBkm +Fnm

where Fnm is the residual. Often, when working with PLS mo-
dels, it is of interest to look at the coefficients when they are
scaled and centred. This is because they then describe how the
variation in a parameter relates to the prediction. More thorough
information about PLS analysis can be found in (Eriksson et al.
2001).

From both the static bending test and the impact ben-
ding test, 60 samples were randomly selected as a prediction
set. The prediction set is used to independently validate the
model. Thickness and width of the sample, moisture content
(MC), colour values from the line camera (red, green and
blue), density from CT scanner, treatment time, total treat-
ment time (> 155 ◦C), treatment temperature, position in board
(layer, middle/edge), MOE (only in static bending) were used as
predictors (X).

3 Result

PLS modelling resulted in two equivalent models for static ben-
ding, one with colour data and one without. The PLS model
made without colour data had a goodness of fit (R2Y) of 0.67
and goodness of prediction (Q2) of 0.64. The model with colour
parameters had slightly lower, but still comparable, R2Y and Q2
values of 0.63 and 0.60. Colour data can work together with the
MC as a substitution for the parameters of the treatment process.
The coefficients of the two models are presented in Table 2. For
impact bending, it was not possible to design a sufficient model
with the data used.

When the impact bending tests were performed, some of the
samples had a shearing breakage all the way to the end surface.
The tested objects were divided into two groups, depending on
failure type. Table 3 shows the distribution of shear fracture to
end surface for different treatment times and temperatures. It is
clear that an increase in temperature or time reduces the shear
strength along the fibres.

A 43% reduction in bending strength was found for the mat-
ched pairs at a significance level of 0.01. The results for the MOE

Table 2 Coefficients of the two PLS-models
Tabelle 2 Koeffizienten der beiden PLS-Modelle

Variables Model based on Model based
process parameters on colour

Constant 126 351E-3
Width X X
Thickness 5.60 8.86
MOE 9.37E-3 813E-6
MC X 628
Treatment
temperature −1.07 X
Total treatment
time −1.30 X
Red X −180
Green X X
Blue X X
Density X X
Layer X X
Middle/Edge X X

Table 3 Percentage of tests in impact bending resulting in shear fracture to
one of the end surfaces
Tabelle 3 Prozentualer Anteil der Proben mit Scherbruch bei den Schlagbie-
geprüfungen

Treatment temperature Treatment time %

175 0 0
175 1 5.5
175 3 4.4
175 10 5.5
185 2 0
200 0 0
200 1 13.9
200 3 27.8
200 10 44.4
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Fig. 5 a–c Mean values for the three colour coordinates under different treat-
ment conditions
Abb. 5 Mittelwerte der drei Farbkoordinaten bei unterschiedlichen Behand-
lungsbedingungen

showed no statistically significant changes, but a tendency to-
wards a decrease of the MOE.

The average values of the colour data at different treatment
times and temperatures can be seen in Fig. 5a–c. A linear reduc-
tion of lightness was noted for both 175 ◦C and 200 ◦C. When
boards were treated at 175 ◦C, the red a∗ coordinate was higher
than in untreated boards and increased with treatment time; i.e.,
it became more reddish. Boards treated at 200 ◦C were at a fairly
consistent level. The yellow b∗ coordinate was found to be higher
than in untreated boards, but was fairly constant for the different
treatment times at 175 ◦C. When treated at 200 ◦C, the b∗ decre-
ased over time, and was back to the level of the untreated boards
after ten hours of treatment.

Fig. 6 The values of ΔEnew for each board divided into the contribution of
ΔLnew, Δanew and Δbnew
Abb. 6 Die Werte ΔEnew für jedes Brett, unterteilt nach den Anteilen
ΔLnew, Δanew, und Δbnew

The results show that colour is not homogeneously distribu-
ted through the board. The average value of ΔEnew for the treated
boards was 3.4 and for the untreated boards 0.68. There was a re-
duction of ΔEnew for boards treated at 200 ◦C. An examination
of the extent to which the colour difference is made up by each
colour coordinate (Fig. 6) reveals that difference in lightness con-
tributed almost nothing to ΔEnew in the untreated boards, while
it was the main contributor in the treated boards. The tendency
noted was that the contributions from ΔLnew and Δanew are redu-
ced when the treatment is performed at 200 ◦C. At the same time,
the contribution of Δbnew to ΔEnew increases significantly when
treatment is performed at 200 ◦C.

4 Discussion

4.1 Static bending

From the static bending models, it is clear that variation in MOE
is the parameter that best describes the variation in bending
strength. According to the prediction model based on the process
parameters, a decrease of 1 ◦C in temperature can be balanced by
an increase of approximately 50 minutes in total treatment time.
This is certainly not entirely true, because there is a correlation
between total treatment time and treatment temperature. That is,
when treatment is performed at higher temperatures, the total
treatment time will also increase. In the model based on the co-
lour data, it is only the red colour that shows signs of describing
strength. The model has to include the MC as a predicting para-
meter. But since all samples have been kept in the same climate
the MC at the time of testing will actually be a measurement of
the EMC.

According to the results presented in this work, colour lacks
potential as a predictor of strength. This is mainly because pre-
dictions made by the process parameters give better results.
There is a correlation between colour and process parameters
and also between strength and process parameters. But since
both strength and colour responses are dependent on additional
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parameters such as sapwood, heartwood, annual rings, juvenile
wood, etc., a board can acquire a darker colour without additio-
nal reduction in strength.

4.2 Impact bending

The only valuable information from the impact bending test is
the fracture due to shearing. This probably occurs because the li-
gnin is degraded. This supports the results in the Thermowood
handbook. The results show that shearing strength is reduced
with longer process times and that the effect will be accelerated
by an increase in temperature. It is important to point out that it
is not a shear-strength test that has been performed, only an im-
pact bending test. But, the results indicate significant reduction in
shear strength in thermally treated birch.

4.3 Colour homogeneity

Figure 7 compares the value of ΔEnew with the average colour
difference between the two outer surfaces for each board. The
colour difference between the surfaces is smaller than ΔEnew in
13 of 16 treated boards, while it is the opposite for all untreated
boards. This lends strength to the assumption that colour diffe-
rences mainly depend on the treatment process. The reason for
the lower value of ΔEnew at 200 ◦C was the reduction of the con-
tribution of ΔLnew. Δanew contributed somewhat to ΔEnew for
both the untreated boards and those treated at 175 ◦C, but almost
not at all for boards treated at the higher temperature. This was
interpreted to be an effect of the value of a∗ stagnating at a value
of about 10.5. This gives the interior time to catch up with the ou-
ter parts of the board. An effect of Δbnew was noted in all groups,
but the contribution increases at 200 ◦C as shown in Fig. 8. In the
test at 200 ◦C for 3 hours, two holes were drilled, and thermo-
couples were inserted into the board. One of the thermocouples
was inserted near the surface of the board and the other one in the
middle of it. In Fig. 8, the temperature of the outer thermocouple
is shown together with the temperature difference between the
two.

Fig. 7 The internal colour difference ΔEnew and the colour difference bet-
ween the outer surfaces of the board
Abb. 7 Der Farbunterschied innen ΔEnew und der Farbunterschied im Be-
reich der Brettoberfläche

Fig. 8 Internal temperature and its difference to the temperature at the sur-
face of the board (Internal temperature – surface temperature)
Abb. 8 Innentemperatur und ihr Unterschied zur Oberflächentemperatur (In-
nentemperatur – Oberflächentemperatur)

From Fig. 8 it can be seen that in the initial stage of the
treatment regime, results were as could be expected: the inter-
nal part of the board is not as warm as the outer parts. But when
the temperature reaches temperatures above 160 ◦C, the interior
of the board begins to catch up to the one of the outer parts.
At about 180 ◦C, the rate of reduction of the temperature dif-
ference is further increased. When the temperature reaches the
target temperature of 200 ◦C, and the heating stops, the interior
becomes warmer than the exterior. This was seen as an indica-
tion of an exothermal reaction being present. A hypothesis is that
the reduction of ΔLnew is due to heat generated from the exother-
mal reaction, and the changes in Δbnew are caused by chemical
aspects of the reaction. Further investigation should be done on
this subject.

5 Conclusion

This study shows a 43% reduction in bending strength of clear
wood in comparison between birch thermally treated at 200 ◦C
for 3 hours and untreated birch. No indications have been found
of a strength increase of clear wood when thermally treated at
temperatures between 175 ◦C and 200 ◦C. From the multivariate
prediction model of bending strength, it is concluded that tempe-
rature is the most crucial process parameter and that colour is not
suitable as a predictor of strength. If quality control of the treat-
ment processes is to be done with respect to strength, the best
way of doing so is to have good control over the climate inside
the kiln together with measurement of the MOE. An apparent re-
duction of shear strength is indicated by a study of the nature of
fractures occurring during the impact bending test.

Colour distribution through the thermally treated boards was
found not to be homogeneous. Lightness is the main contributor
to the uneven colour distributions; when treatment is performed
at 200 ◦C, the contribution from lightness decreases, and the con-
tribution of the yellow b∗ coordinate starts to have a significant
effect on colour distribution.
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ABSTRACT  
Heat treatment and drying of wood is a way to improve durability and stability 
of wood. The treatment method used in this research is based on steam 
treatment. A special kiln is used to perform the treatment. The kiln is basically 
a drying kiln with capacity up to temperatures of 230°C. During the heat 
treatment the wood has a moisture content of about zero per cent. Therefore 
the regime up to the treatment can be seen as a high temperature drying in an 
atmosphere of superheated steam. After this drying regime, when the 
temperature has reached the heat treatment temperature, it is kept constant for 
2-4 hours. Internal checking is a problem when thick boards (>50mm) are heat 
treated. The objective of this work is to investigate what it is that is causing 
these cracks. The main question to answer is whether stress from the drying 
regime is affecting internal checking. 

INTRODUCTION

Wood is a biological material that can be degraded by insects, fungi and bacteria attack. But if the 
wood is dried to moisture content less than approximately 22% there is not enough water for 
fungi to grow. Another reason for drying wood besides to avoid the biological degradation is to 
improve mechanical properties as well as to adopt the wood to end user products. It is also 
important to reach stress-free conditions with a homogeneous moisture distribution. In many 
situations were wood is used; it will be subjected to water in different forms with an increased 
moisture content as a result. To prevent rewetting of the wood it is possible to use one of 
numerous protective methods e.g. impregnation and coating. These protective methods are 
usually based on adding different chemicals to the wood that will protect it, however with 
thermal treatment this is not the case.  

Heat treatment changes the properties of the wood resulting in a more dimensional stable and less 
hygroscopic material. The basic idea of the method is heating the wood to temperatures above 
approximately 150°C where chemical reactions are accelerated. The well known fact that 
charcoal is very decay resistant has been used for centuries e.g. by burning ends of wooden poles. 
Stamm and Hansen (1937) studied the possibilities to making wood more dimensional stable by 
using heat treatment. Stamm, Burr et al. (1946) suggest it would be feasible to commercialize 
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heat treatment but it was not until beginning of the 90’s that the technology developed. Around 
Europe different methods have been developed. Due to the high temperatures of the process, 
shielding gas is needed to prevent the wood from catching fire.  

In this work the Finnish so called Thermowood method is used where the superheated steam 
works as a shielding gas. Typically, for heat treatment of softwood, temperatures between 190°C 
and 220°C are used. This means that the moisture content during the treatment is close to zero 
percent and that the process before that includes more or less drying (heat treatment can be 
performed from green wood as well as from pre-dried). 

According to Viitaniemi (1997) the most important property changes are: 

The equilibrium moisture content decreases 43-60% 

The shrinkage and swelling decreases 30 – 80% 

The biological resistance (decay resistance) has been improved depending on the 
treatment circumstances and the product is in the best case equivalent to naturally 
resistance wood. 

The strength decrease 5 - 25% 

The colour darkens variably 

Viitanen, Jämsä et al. (1994) studied the decay resistance of heat treated spruce. They concluded 
that the decay resistance was improved by 25 – 100% and that the best results are comparable to 
some CCA-impregnation methods under certain conditions. According to Edlund (2003) heat 
treatment is a good method for protection against rot and decolorizing fungi, but should not be 
used in ground contact. Kamden, Pizzi et al. (1999) shows an improved decay resistance, “from 
non-resistant to moderate/resistant species”. In all cases it is observed that the decay resistance is 
associated with some strength reduction. According to Bengtsson, Jermer et al. (2002) the 
bending strength of spruce and pine after heat treatment at 120°C during 5 hours is approximately 
50% compared to the untreated for full length boards containing knots. This means that heat 
treated wood is not very suitable for load bearing constructions. Applications where the decay 
resistance and dimensional stability are important are for instance decking, cladding and window 
frames.  

This study is focused on the development of internal checking during heat treatment and drying. 
The cracks are oriented in the radial direction mainly along the wood rays, as shown in figure 1. 
Internal checking is common in high temperature drying of certain hardwoods but is then often 
closely associated with cell collapse and is initiated during the capillary drying regime. This is 
not the case for internal checking during the heat treatment process. In this work spruce was used 
and the question is whether the internal checking is the result of thermal degradation or caused by 
stress from the drying.   



Figure 1. Internal checking in spruce caused by heat treatment.

MATERIALS AND METHODS 

The kiln 

In this work an experimental kiln for heat treatment of wood has been used, figure 2. The 
maximum size of the lumber batch including stickers was 500x370x2500mm3 and due to the 
small size of the kiln the air was flowing along the boards. For that reason specially designed 
hollow metal stickers that allow air passage were used.

Figure 2. Experimental kiln for heat treatment of wood.

The process

The experiments were divided into three groups. A total of four different process schedules have 
been used in the three different experiments. In experiment 1, two treatments were performed
with the process schedule in figure 3. The processes used were constituted of five regimes as 
shown in figure 3.



Figure 3. Heat treatment schedule used in this work. The process can be divided into five regimes:
I Heating, II 1st drying, III 2nd drying, IV Treatment, V Cooling regime.

Heating regime: Heating with saturated steam generated at 130°C injected into the kiln at 
atmospheric pressure. 

1st drying regime: This regime is a drying step which can either be high or low temperature
drying.

2nd drying regime: This is the regime where the final drying takes place. It is also during this
regime that the chemical reactions accelerate.

Treatment regime: The temperature is kept at a constant value normally for 2-4 hours. This time
and temperature is normally what defines the heat treatment class.

Cooling regime: Cooling the wood first with steam at 130°C and then with water spraying until 
the kiln is opened. For industrial practice it is common also to include a conditioning regime for 
remoistening. In these experiments that has not been necessary.

Experiment 1

In the first experiment two batches of spruce board was heat treated. The first batch of spruce 
board had the dimension 50x125mm2 and in the second batch two different dimensions were 
used, ten 50x100 mm2 and eight 50x125 mm2 boards. All boards were weighed and samples were 
taken for measuring the moisture content. To establish the moisture content of the samples the 
oven-dry method was used. The dried moisture content samples were then scanned in a CT-
scanner to establish the density. 



Table 1. Properties of the spruce boards before treatment.

Experiment
Board dimensions

[mmxmm]

Moisture content

[%]

Density

[kg/m3]

Number
of samples

Batch 1 50x125 18.6 413 18

Batch 2 50x125 / 50x100 6.2 385 8/10

After heat treatment the boards were weighed and cut into 5 cm thick slices parallel to the end 
surfaces. The surface of every cross section was then visually examined and the number of 
internal cracks was documented. Two slices from each board were used to determine the density.
Slices were also taken for prong and slicing tests to determine if there was internal stress in the 
wood after the treatment.

Experiment 2 

In this experiment two batches of 
50x125mm2 spruce boards were heat treated. 
In both experiments three groups with 
different initial moisture content levels were 
used. The different groups with their 
corresponding moisture content level are 
presented in table 2. The heat treatments
have been performed according to the
process schedules in figure 4 & 5. After 
treatment the boards were tested for internal
checking analogously with experiment 1. 

Table 2: Initial moisture content

Batch 3 Batch 4 

7.1% 6.4%

8.4% 10.7%

9.7% 14.3%

Figure 5.  Process schedule used in batch 4 

Figure 4.  Process schedule used in batch 3 



Experiment 3 

In this last experiment twelve boards 50x125mm2 spruce boards were heat treated. They all had
an approximate initial moisture content of 15%. After treatment the boards were also tested for
internal checking analogously with experiment 1. 

Figure 6.  Process schedule used in batch 5 

Results

Experiment 1

Table 3: Batch wise presentation of the results of experiment 1 

Batch

Initial
moisture
content

[%]

Dimension
[mmxmm]

Mass
loss
[%]

Density
loss
[%]

Boards
with

internal
checking

[%]

Cross
sections

with
internal

checking
[%]

1 18.6 50x125 8.1 10 67 25
6.3 50x125 7.6 6.0 38 102 6.6 50x100 7.7 7.0 50 26

The results from the treatments are presented in table 3. The objective of the experiment was to 
study the influence of the initial moisture content and board size on the development of internal 
checking. But in this first experiment there was no statistically significant effect due to either 
moisture content or dimension. 

All three groups of boards were then divided into two groups, failed and accepted. All the boards 
with internal checking were classified as failed and all without as accepted. If however the mass
loss for individual boards with compensation for moisture was determined, the distribution of
mass loss for the two different groups was significant different (t = 2.312 and p=0.0269). 



Figure 7. Distribution of mass loss in heat treated boards. Left side is the distribution of mass loss of 
boards with internal checking. Right side is the distribution of mass loss of boards without internal 
checking.

The prong and slicing tests did not show any sign of stress. This means there was no or very little 
stress in the wood after the treatment. Therefore the cracks should not continue to propagate after 
the treatment.

Experiment 2 

Table 3: Results from experiment 2 

Initial moisture content
[%)

Cross sections
with internal 

checking
[%]

7.1 34

8.4 46

B
at

ch
 1

 

9.7 70

6.4 28

10.7 58

B
at

ch
 2

 

14.3 90



The results from both batches are presented in table 3. All together there were only two 
individual boards that were completely free from internal checking, that are why the percentage 
of the cross sections with checking is presented. Both experiments show the same behavior. The 
tendency is that groups with higher initial moisture content yield more internal checking.  

Experiment 3

In this last experiment internal checking was found in 5 out of 12 boards and in 2.5% of the cross 
sections from these boards. When checks occurred they were small and originated from the pith.   

Discussion & Conclusion

The results show that there was a significant difference in mass loss between boards with and 
those without internal checking. This indicates that the internal checking in heat treated wood is 
caused by more than just drying stress. Since there is a mass loss there should be shrinkage of the 
wood which also might generate stress on a cellular level. 

There is a similar pattern in both treatments of experiment 2. The boards with low initial moisture 
content have less internal checking than the ones with higher initial moisture content.  

Apparently it is quite obvious that internal checking is related to initial moisture content. The 
basic mechanism for internal checking is however not completely understood, at least not based 
on these experiments.   

ACKNOWLEDGMENT

The author wish to thank Margot Sehlstedt-Persson for her technical contribution. Thanks also to 
Vinnova and the industrial consortium for sponsoring the authors Ph.D. studies.



References   

Bengtsson, C., J. Jermer, et al. (2002). "Bending strength of heat-treated spuce and pine timber." 
The International Research Group on Wood Preservation Document No IRG/WP 02-
40242.

Edlund, M.-L. (2003). Beständighet hos miljöanpassat träskydd, SP Sveriges Provnings- och 
Forskningsinstitut. 

Kamden, D. P., A. Pizzi, et al. (1999). Durability of heat-treated wood. IRG WP: International 
Research Group on Wood Preservation 30, Rosenheim, Germany. 

Stamm, A. J., H. K. Burr, et al. (1946). Heat-stabilized wood (STAYBWOOD). Madison, USA, 
Forest Products Laboratory: 1-7.

Stamm, A. J. and L. A. Hansen (1937). "Minimizing wood shrinkage and swelling. Effect of 
heating in various gases." Industrial and engineering chemistry 29: 831-833. 

Viitanen, H., S. Jämsä, et al. (1994). The effects of heat treatment on the properties of spruce.
IRG WP: International Research Group on Wood Preservation 25, Nusa Dua, Bali, 
Indonesia.

Viitaniemi, P. (1997). Thermowood - modified wood for improved performance. Wood: The 
ecological material, 4th Eurowood Symposium, Stockholm, Sweden, Trätek (Swedish 
institute for wood technology research). 





Paper III 





Holzforschung, Vol. 60, pp. 558–560, 2006 • Copyright � by Walter de Gruyter • Berlin • New York. DOI 10.1515/HF.2006.092

Article in press - uncorrected proof

Short Note

Influences of drying on internal checking of spruce
(Picea abies L.) heat-treated at 2128C

Figure 2 Process schedules used in the experiment. The dot-
ted line shows relative humidity. The process is divided into five
regimes: (I) heating regime; (II) first drying regime; (III) second
drying regime; (IV) treatment regime; and (V) cooling regime.

Figure 1 Example of internal checking in a 50=125-mm2 heat-
treated spruce board.
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Introduction

It has long been known that heat treatment improves the
durability and dimensional stability of wood (Stamm and
Hansen 1937; Thunell and Elken 1948). Stamm et al.
(1946) suggested that it would be feasible to develop
heat treatment as a commercial method for improving the
durability and stability of wood, but it was not until the
beginning of the 1990s that the method was commercia-
lised in response to increased environmental awareness.
The heat treatment process applied in this work is based
on the Finnish Thermowood method (Syrjänen et al.
2000), in which steam acts as a shielding gas during
treatment at elevated temperatures of up to 2308C. This
industrial process still has problems regarding the inter-
nal checking of boards with dimensions thicker than
50 mm (Figure 1).

Johansson (2005) studied the internal checking that
occurs under these circumstances. Internal checking is
often a greater problem than surface checking, since the
former is not easily detectable. This makes quality control
more complicated. Johansson (2005) demonstrated that
both mass loss due to thermal degradation and drying
influence the development of internal checking in heat-
treated wood.

The mechanism by which internal checking develops
during drying is well known. Stress reversal or case hard-
ening leads to tension in the core of boards, which in
turn leads to the development and propagation of inter-
nal checks. This is especially a problem when wood spe-
cies easily suffer cell collapse during drying. According
to Booker (1994), negative relative pressure during the
capillary regime of drying is the reason for both internal
checking and cell collapse.

This study investigated how drying stress affects the
development of internal checking.

Materials and methods

Treatments were performed in a small experimental kiln as pre-
viously described by Johansson (2005). The treatment process
was divided into five regimes, as illustrated in Figure 2.

I) Heating regime: heating with saturated steam generated at
1308C that is injected into the kiln at atmospheric pressure.

II) First drying regime: drying step that can be either above or
below 1008C.

III) Second drying regime: the regime during which final drying
takes place. Here the thermal degradation of hemicellu-
loses accelerates with increasing temperature.

IV) Treatment regime: the temperature is kept constant, typi-
cally for 2–4 h. Time and temperature during regime IV nor-
mally define the heat treatment class.

V) Cooling regime: cooling the wood with steam at 1308C,
followed by water spraying until the kiln is opened.

The wood is very dry after the treatment owing to the low
relative humidity (RH) in the chamber. During the cooling regime
the moisture content (MC) increases, but owing to the reduced
hygroscopic behaviour of the treated wood, moisture uptake
remains slight. The MC after cooling is typically approximately
2%. In industrial practice, it is common to include a remoistening
regime to improve the workability of the wood. In this work, such
as step was not necessary, because it does not influence the
development of internal checking.
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Figure 3 Process schedule used in the experiment. Note that
three different time spans were used for the second drying regi-
me. All three treatments were performed twice, once for each
initial MC level.

Table 1 Average initial moisture content (MC) of the six
batches.

Group Time for the 2nd MC SD
drying regime (h) (%) (%)

1 12 18.3 0.3
2 18 17.7 0.4
3 24 17.0 1.0
4 12 5.8 0.3
5 18 6.0 0.5
6 24 5.6 0.1

Figure 4 Mean number of internal checks per cross-section,
together with bars showing the 95% confidence interval. Brack-
ets above the bars show groups with statistically significant dif-
ferences in the number of internal checks with 95% confidence.

Table 2 Average number of internal checks in each cross-sec-
tion as a function of the presence of pith.

Cross-section Average no. No. of
of checks samples

Without pith 0.22 1164
With pith 0.61 684

Table 3 Moisture content (MC) and slicing gap in the reference
boards.

Group MC (%) Average

Initial Mean"SD slicing
gap (mm)

Ref. 1 18 4.0"0.2 0.4
Ref. 2 6 3.8"0.2 0

The heat treatments in this study were performed at 2128C.
For the second drying regime, time spans of 12, 18 and 24 h
were applied, as illustrated in Figure 3.

All spruce boards (Picea abies) investigated here originated
from the same batch of 50=125-mm2 boards, pre-dried to
MCf18%. The batch was divided into two sets. One set was
kept at its original MC of 18%, while the other was additionally
dried to MCf6% at 908C/708C (dry-bulb/wet-bulb temperature)
as a drying climate. From each set, three groups of six boards
were taken and cut to a length of approximately 2 m to fit into
the oven. The initial MC was determined before the process

using the oven-dry method (keeping the wood at 1038C for 24 h)
(Table 1).

After heat treatment, all boards were cross-cut into 5-cm-thick
slices. One end surface of each slice was visually examined, and
the number of internal checks was documented, together with
the presence of knots and pith within each cross section.
Checks appearing in knots were not regarded as internal
checking.

Reference groups

In addition to the six groups, two reference groups were treated
to determine whether there was a difference in MC and stress
after the first drying regime as a function of the initial MC. Ref-
erence group 1 (Ref. 1) contained six boards of 18% MC, and
reference group 2 (Ref. 2) consisted of five boards from the
batch of pre-dried boards of 6% MC. Both reference groups
were treated according to the process schedule in Figure 3, but
the process was stopped after the first drying regime. After this
process, the MC and internal checking were measured. A slicing
test was performed approximately 5 months after the treatment.
The test samples were cut from the 5-cm-thick samples used
for inspection of internal checking. The slicing gaps were meas-
ured using a feeler gauge directly after cutting.

Results

The results in Figure 4 show the eight groups divided into
three subgroups (marked by brackets above the bars in
Figure 4) with a significantly different numbers of internal
checks. Boards dried for only 12 h in the second drying
regime exhibited significantly more internal checking than
those dried for 18 or 24 h. There was also a significant
difference in internal checking between boards with dif-
ferent initial MC dried for the same time span in the sec-
ond drying regime. Low initial MC is apparently better
than higher MC. This observation supports the idea that
wood should be pre-dried before heat treatment. The
effect of initial MC is also evident for the reference group,
although the differences are not significant. In particular,
the fast-dried boards with an initial MC of 18% exhibited
severe internal checking.

Another characteristic of the reference samples was
that all internal checking was associated with the pres-
ence of pith positioned within the cross-section of the
cut. Correlation between these parameters was also
observed in the test as a whole. When the results are
divided into two groups based on cross-sections with
and without pith (Table 2), a significant difference in the
number of checks can be observed (ts7.98 and
P-0.001).

MC and slicing gap in reference boards

The results for MC and slicing gaps in the reference
boards are listed in Table 3. The difference in MC is very
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small, but statistically significant (ts2.49 and Ps0.019).
All measurements of the slicing gap in reference group 1
exhibited stress, while in reference group 2, no stress
was detected based on the slicing method.

Discussion and conclusions

The results support the hypothesis that fast drying of
spruce boards in the high-temperature region in an
atmosphere of superheated steam causes stress and
internal checking. By comparing the reference groups
with the heat-treated groups, it can be concluded that
the second drying regime – as defined in our experi-
ments – is the most crucial part of the heat treatment
process for internal checking. The most likely explanation
is that a high degree of stress is generated during the
fast drying period of this regime. If the temperature is
increased more quickly, i.e., if a short time span is
applied for the second drying regime, increased stress
and therefore internal checking will result. The negative
effect (more stress, more internal checking) of high initial
MC also supports this hypothesis. It is obvious that it is
not sufficient to have low MCs before starting the second
drying regime; it is also important to have boards with
low residual stress left from the previous drying steps.

According to the suggested hypothesis, drying at tem-
peratures below 1008C is more favourable. This means
that for industrial applications, processing of pre-dried
wood (drying in an ordinary drying kiln working below
1008C) is advantageous. The results also emphasise the
importance of avoiding the combination of residual stress

and a short heating time for the second drying regime
during heat treatment.

The negative effect of pith is also obvious. If pith can
be avoided in the cross-section, heat treatment of spruce
boards should cause few problems in terms of internal
checking.

Finally, MC gradients and stress related to the heating
and drying, which affect internal checking, are not the
only considerations; heat treatment may also cause
some degradation of the wood material.
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Syrjänen, T., Oy, K., Jämsä, S., Viitaniemi, P. (2000) Heat treat-
ment of wood in Finland-state of the art. In: Träskydd-, vär-
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Abstract
Longitudinal absorption of water in matched heat-treated and untreated boards was studied. 

The boards are from three different species, Scots pine (Pinus sylvestris), Norway spruce (Picea
abies) and birch (Betula pubescens). The heat treatment was performed according to the 
Thermowood process at two different temperature levels (170°C and 200°C) for all three species. 
Computer tomography (CT) scanning was used to intermittently monitor the ascent of the water 
front. 

The use of CT scanning enables a study of the liquid water ascent in three dimensions over 
time. This means that it is possible to determine the influence of different treatment temperatures 
and species as well as the difference between heartwood and sapwood on capillary action. 

The results show that longitudinal water absorption in pine sapwood was substantially larger 
when heat-treated at 170°C compared to untreated pine sapwood. In pine heartwood, the ascent of 
water was low in heat-treated as well as in untreated boards. Spruce boards showed low water 
absorption in sap- and heartwood in heat-treated as well as in untreated boards. Birch showed a 
decreasing uptake of water with increasing treatment temperature. 

Keywords: capillarity, absorption, heat treatment, Scots pine, Norway spruce, birch 

INTRODUCTION
Exposing wood to high temperatures induces chemical changes that result in new 
properties of the wood. Modern industrial heat treatment methods utilize a controlled 
environment (SUNDQVIST 2003). The purpose of heat treatment is to improve 
dimensional stability, increase biological durability and, in some cases, control colour 
changes. Dimensional stability is strongly connected to the hygroscopicity of wood. 
When wood is exposed to elevated temperatures, the hemicelluloses are partially 
decomposed, resulting in reduced hygroscopicity (STAMM 1964; KOLLMANN & 
SCHNEIDER 1963; ESPENAS 1971; KINNINMONTH 1976; PRICE & KOCH 1980; 
SEHLSTEDT-PERSSON 1995; VIITANIEMI 1997). The reduction of hygroscopicity also 
influences the wettability of wood (HAKKOU et al. 2005). 
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SANDBERG (2002) studied the influence of different wood properties on the absorption 
of water in spruce. The biggest difference is between sapwood and heartwood. The 
capillary water height (CWH) in sapwood is approximately 3 times higher than in 
heartwood. CWH is defined as the average distance to the 40% MC boundary. Growth 
site influences water absorption; suppressed trees that have grown in areas with good 
water supply have the highest absorption. Placing the samples with butt end up or down 
does not influence absorption. 

An urgent question for outdoor applications is how absorption of free water in wood is 
affected by the heat-treatment process. THUNELL & ELKEN (1948) studied swelling and 
hygroscopicity in 100% relative humidity (RH) and water soaking of pine, spruce, oak, 
beech and birch after different methods of heat treatment in various environments—air, 
nitrogen, melted metal (led and tin) and saturated steam at superatmospheric pressures. 
Hygroscopicity was found to be lower after heat treatment when subjected to 100% RH, 
but an increase of water uptake when subjected to soaking in free water was found for 
heat-treated wood. This behaviour was most evident when treatment was performed in a 
steam environment. 

In a recent study by METSÄ-KORTELAINEN et al. (2006), radial water absorption of pine 
and spruce heat-treated at 170°C, 190°C, 210°C and 230°C and a reference material dried 
at 70°C was studied in floating tests for up to 146 hours. Significant absorption 
differences between sapwood and heartwood were found for both spruce and pine. For 
pine, the difference was very pronounced, with a rapid absorption in sapwood compared 
to heartwood. The effect of heat-treatment temperature upon water absorption in sapwood 
differed between the two species. In spruce, water absorption decreased directly 
proportionally to increased temperature, while for pine, absorption was largest for 170°C 
and 190°C. While spruce sapwood samples never reached 30% average moisture content 
(MC) during the whole test, after only 6 hours, floating pine sapwood samples 
approached 30% average MC for 170° and 190°C treatment, and after 146 hours reached 
approximately 45% average MC. In spruce heartwood, water absorption decreased 
directly proportionally to increased temperature, while pine heartwood showed a 
somewhat more complicated pattern during the test. Compared with reference material 
dried at 70°C, all heat-treated pine heartwood samples absorbed less water, and the 
highest temperature (230°C) showed the least absorption. 

MATERIALS AND METHODS 
For this article, longitudinal water absorption for three different species was
investigated—birch, spruce and pine. Four industrially predried boards of each species 
were used in the experiment. Each board was cut into three samples as shown in Figure 1.
The industrial predrying down to 18%MC was performed at temperatures below 60°C. 
The dimensions of the spruce and pine boards were 50 x 125 mm2, and the birch boards 
measured 50 x 90 mm2. The four sample boards were dried further in a climate chamber 
at 60°C before heat treatment was performed. The sample marked 60°C in Figure 1 was 
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kept in the climate chamber while the two heat treatments were performed. Heat 
treatments were performed at 170°C and 200°C as shown in Figure 2.

Figure 1 Cutting of the four samples for each species into three matched samples, two for 
heat treatment at 170°C and 200°C and one as reference dried at 60°C. 

Figure 2 Process schedule for heat treatment at 200°C. The same schedule was used for 
heat treatment at 170°C, but then the 3-hour-long maximum temperature plateau was held 
at 170°C. 

Each sample was planed and cut into 30-cm-long samples in accordance with Figure 3. 
From the surplus material, samples were taken for MC control according to the oven-
drying method at 103°C for 24 hours. Samples were also taken from the surplus material 
for SEM studies reported in SEHLSTEDT-PERSSON et al. (2006) 
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Figure 3 Planing and cutting of samples after heat treatment for absorption test. Samples 
were chosen with as much clear wood as possible in 30-cm lengths. Material for SEM 
studies was taken from marked surplus material close to the absorption sample.  

During the absorption test in indoor climate, the samples were kept standing in batches of 
6 samples in approximately 25-mm-deep water on a metal grid to insure good contact 
with the water (Figure 4). The samples were always oriented with the butt end down in 
the water. Intermittently, the batches were placed in the CT scanner, and the movement of 
water inside the boards was studied by scanning every 5 millimetres along the samples. 
The size of the voxels in CT volumes was 0.63 x 0.63 mm in the cross-section plane and 
5 mm in the longitudinal. Scanning was done before the start of the experiment and then 
after 1, 3, 5, 8, 12 and 15 days of absorption. Due to technical problems, no scanning was 
possible for birch after the first day; therefore the first scan for birch was after 2 days of 
absorption.

Figure 4 Batch with samples from two boards (out of four for each species) with three 
treatment temperatures placed in water to a depth of approximately 25 mm for 
longitudinal water absorption with butt end down. In total, 6 such batches were used in 
the absorption test with intermittent CT scanning of each batch for pine, spruce and birch 
over 15 days.  
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Every voxel in the CT-scanned volume contains the average density for that volume. 
From this information, the MC can be calculated if the dry density is known. The dry 
density in this experiment was calculated by using the density from the first CT-scanning 
sequence by subtracting the MC measured in the surplus material, as presented in Figure 
5. In this work, the average density of each board was used in determining the MC during 
absorption. No consideration of swelling has been taken into account.

Figure 5 Average MC measured before the samples were placed in water for absorption 
testing. Measurements were made on the surplus material. 

Three different calculations were done within each measured volume in all samples: the 
average MC at every fifth millimetre, the average MC in the chosen volume and the 
average height to fibre saturation point (FSP). As a simplification, FSP is set to 30% MC 
even though FSP is known to decrease with increasing temperature. For spruce and pine, 
sapwood and heartwood were measured separately in volumes of 11 x 11 x 61 and 16 x 
16 x 61 voxels respectively. The measurement in sapwood was done at two different 
locations in each sample. Since birch only contains sapwood, only one volume of 11 x 
104 x 61 voxels in the centre of the board was measured. The height to FSP was 
calculated by counting all voxels with MC higher than 30% divided by the number of 
voxels in the cross section of the measured volume.  

RESULTS
In birch, the highest average MC after 15 days was found in the untreated 60°C samples 
(Figure 6). The samples heat-treated at 170°C had somewhat lower average MC, while 
samples heat-treated at 200°C were found to have a significantly lower average MC. 
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Figure 6 The change in average MC during longitudinal absorption in four birch samples 
during 15 days. 

When looking at the average MC at different heights (shown in Figure 7), it was found 
that heat treatment seemed to have reduced the heights that the moisture reaches. The 
curves in 60°C and 170°C have two distinct points of inflexion. The second point of 
inflexion (marked in Figure 7) shifted towards higher MC values in the samples heat-
treated at 170°C. The same pattern was also discernible in the samples treated at 200°C, 
but due to the low absorption, it can only be seen as a higher maximum MC.  

Figure 7 The average MC at different heights of sample B in the longitudinal direction in 
birch after 5 and 15 days of water absorption. In the 60°C reference sample, the first and 
the second points of inflexion are marked with arrows. These points are shifted towards 
higher MC in the heat-treated samples.  

In the pine sapwood samples, it was found that the samples heat-treated at 170°C had the 
highest average MC after 15 days of absorption, while the samples treated at 200°C had 
absorbed about the same amount as the untreated samples. The untreated samples showed 
signs of stagnating at about 20% MC, whilst the heat-treated pieces showed no signs of 
stagnation. The average MC in pine heartwood (shown in Figure 8) was lower than in 
sapwood. Increase of treatment temperature showed a weak tendency to produce a 
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decreasing average MC in pine heartwood (Figure 8), but the increase of the average MC 
was the highest in samples treated at 170°C (Table 1). 

Figure 8 The change in average MC during longitudinal absorption in four pine samples 
during 15 days. The three upper plots show average MC in pine sapwood, and the three
lower show the average MC in pine heartwood.

The height of the absorbed moisture in pine sapwood reached the highest level in samples 
treated at 170°C, as shown in Figure 9. Pine sapwood showed the same tendency to shift 
the second point of inflexion towards higher MC in the heat-treated samples. There was 
no difference found by studying the average moisture content for different heights in pine 
heartwood.
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Figure 9 The average MC at different heights of sample B in the longitudinal direction in 
pine after 5 and 15 days of water absorption. The three upper plots show average MC in 
pine sapwood, and the three lower show the average MC in pine heartwood. 

The average MC of both sapwood and heartwood of spruce after 15 days of absorption 
shown in Figure 10 are comparable to pine heartwood. Both also showed the same 
tendency as pine heartwood of increasing treatment temperatures producing a decreasing 
average MC. As in heartwood of pine, the biggest increase in average MC was found in 
samples treated at 170°C (Table 1). 

Table 1 The increase of average MC from the first to the fifteenth day. 
Treatment 

temperature 
Pine

heartwood
Spruce

sapwood
Spruce

heartwood
60°C 3.9% 8.7% 6.5% 

170°C 5.7% 10.3% 8.7% 
200°C 2.8% 8.8% 6.3% 
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Figure 10 The change in average MC during longitudinal absorption in four spruce 
samples during 15 days. The three upper plots show average MC in spruce sapwood, and 
the three lower show the average MC in spruce heartwood.

The height of the moisture in spruce sap- and heartwood (Figure 11) was found to be 
comparable to that of heartwood in pine. As in pine heartwood, the uptake of water is too 
low to form a second point of inflexion, but there is a tendency for the heat-treated 
samples to have higher maximum MC. 
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Figure 11 The average MC at different heights of sample C in the longitudinal direction 
in spruce after 5 and 15 days of water absorption. The three upper plots to show average 
MC in spruce sapwood, and the three lower show the average MC in spruce heartwood. 

The average height to FSP after 5 and 15 days of absorption is shown in Figure 12 with 
95% confidence intervals. Large differences are found between different treatment 
temperatures for birch and pine sapwood, while pine heartwood and spruce show less 
influence of temperature. For birch, the height to FSP decreased with increased 
temperature, and this phenomenon was more accentuated after 15 days. In both sapwood 
and heartwood of pine, the maximum height was found in the samples treated at 170°C. 
In pine heartwood, the difference is small after five days, but the difference increases 
after fifteen days. In pine sapwood, the height in the 60°C references was significantly 
higher than the samples treated at 200°C, while the difference was negligible in 
heartwood.

After five days, no differences in heights to FSP were established in sapwood of spruce. 
After fifteen days, the height to FSP in the samples treated at 200°C was lower than in 
60°C and 170°C samples. In spruce heartwood, the height to FSP was found to be lower 
in both groups of heat-treated samples in the untreated 60°C reference material.   
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Figure 12 Average height to FSP after 5 days (upper) and 15 days absorption (lower) 
with 95% confidence interval for birch, and sap- and heartwood of pine and spruce heat 
treated at 170°C and 200°C and reference material dried at 60°C. 

DISCUSSION
The high absorption of water in pine sapwood treated at 170°C supports the results found 
in METSÄ-KORTELAINEN et al. (2006). This, together with the shifting of the second 
inflexion point towards higher MC in pine sapwood and birch and the increase of the 
maximum average MC in spruce sap- and heartwood, confirms the finding in THUNELL
& ELKEN (1948) that heat treatment increases the ability to store and transport free 
water. This can also be seen since birch heat-treated at 170°C has almost the same 
average MC as the references, but has a lower height to the FSP, which means that there 
has to be more free water stored in the lower heights of the heat-treated birch. One 
explanation for this could be that if there is formation of micro cracks of the type 
discussed in TERZIEV (2002), these could act as new pathways for capillary action of 
free water. The generated lifting force in a capillary is determined by the contact angle, 
i.e., the wettability of the material. The wettability of heat-treated wood is decreased with 
higher treatment temperatures, which would suggest a reduction of the capillary action. 
However, if the wettability has decreased just slightly while there is a formation of micro 
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cracks, there could be an increase in the uptake of water due to the increased number of 
capillaries. When the treatment is performed at higher temperatures it will result in further 
reduction of the wettability, and thus a reduction of the capillary forces, resulting in less 
capillary action. This would explain why all samples treated in 170°C have the highest 
increase of average MC as shown in table 1. It also means that there might be a treatment 
temperature lower than the ones used in this experiment that would have the same 
influence on birch. There is little known about how absorption of free water works in 
wood. If this theory is correct it would mean that the free water is transported through a 
thin water film on the cell wall inside the vessels rather than through capillary action in 
the vessels as a whole.

The theory presented gives no explanation as to why pine sapwood has much higher 
absorption compared to pine heartwood, spruce sapwood and spruce heartwood. This is 
most likely due to differences in the cell structure. A further study on these differences in 
structure of the material used in this work is presented in SEHLSTEDT-PERSSON et al. 
(2006).

The small confidence interval shown in Figure 12 can be misleading, since it is actually 
smaller than the error of the method used due to the resolution in the longitudinal 
direction, the placing of the batches in the CT scanner and the fact that swelling has not 
been taken into consideration. 

CONCLUSIONS
Through this study of water absorption using a CT scanner, the following conclusions can 
be drawn: 

The absorptive behaviour of pine sapwood differs from all the other samples. 
There is a very small difference in absorption between sapwood and heartwood in 
spruce.
Absorption in pine heartwood is comparable to the absorption in spruce sapwood 
and heartwood. 
Heat treatment results in an increased capacity to store and transport free water. 
Heat treatment at 200°C results in lower heights to the FSP in all the groups. 

REFERENCES
Espenas, L.D. (1971) Shrinkage of Douglas-Fir, Western Hemlock and Red Alder as 

affected by drying conditions. Forest Prod. J. 21(6):44–46. 
Hakkou, M., Pétrissans, M., El Bakali, I., Gérardin, P., Zoulalian, A. (2005) Wettability 

changes and mass loss during heat treatment of wood. Holzforschung 59:35–37. 
Kininmonth, J.A. (1976). Effect of timber drying temperature on subsequent moisture and 

dimensional changes. N. Z. J. For. Sci. 6(1):101–107. 
Kollmann, F., Schneider, A. (1963) ber das sorptionsverhalten wärmebehandelter 

Hölzer. Holz als Roh- und Werkstoff 21(3):77–85. 



Paper IV: Effect of heat treatment on capillary water absorption of heat-treated pine, 
spruce and birch

-13-

Metsä-Kortelainen, S., Antikainen, T., Viitaniemi, P. (2006) The water absorption of 
sapwood and heartwood of Scots pine and Norway spruce heat-treated at 170°C, 
190°C, 210°C and 230°C. Holz als Roh- und Werkstoff 64:192–197. 

Sandberg, K. (2002) Influences of growth site on different properties in spruce sap-
/heartwood using CT-scanner measurements. In Proceedings of the Fourth Workshop
Connection Between Forest Resources and Wood Quality: Modelling Approaches 
and Simulation Software, Organized by IUFRO Working party S5.01-04 Harrison 
Hot Springs Resort Harrison Hot Springs, BC, Canada, September 8–15, 2002. 

Sehlstedt-Persson, S.M.B. (1995) High-temperature drying of Scots pine. A comparison 
between HT- and LT-drying. Holz als Roh- und Werkstoff 53:95–99. 

Sehlstedt-Persson, M., Johansson, D. M., Morén, T. (2006) Effect of heat treatment on 
micro structure of pine, spruce and birch and the influence on capillary absorption. 
Proceedings The 5th International Symposium Wood Structure and Properties, Slia -
Sielnica, Slovakia, September 3–6, 2006. 

Stamm, A.J. Wood and Cellulose science. Ronald press, New York, 1964. 
Sundqvist, B. (2003) Värmebehandling av trä: Från ett historsikt perspektiv till 

kommersiell produktion av idag. Luleå tekniska universitet, Teknisk rapport 
2003:02.

Terziev, N., Daniel, G. (2002) Industrial kiln drying and its effect on microstructure, 
impregnation and properties of Scots pine timber impregnated for above ground use. 
Part 2. Effect of drying on microstructure and some mechanical properties of scots 
pine wood. Holzforschung 56(4):434–439. 

Thunell B., Elken, E. (1948) Värmebehandling av trä för minskning av svällning och 
krympning. Trävaruindustrien 16:1–23 

Viitaniemi, P. (1997) Decay-resistant wood created in a heating process-A heat treatment 
process of wood developed by VTT Building Technology yields timber products with 
enhanced properties. Indust. Horizons December:22–23. 





Paper V 
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Abstract
Heat-treated and matched boards dried at 60°C of Scots pine (Pinus sylvestris), Norway 

spruce (Picea abies) and Birch (Betula pubescens) were submerged into water, allowing for water 
absorption in the longitudinal direction during two weeks in an indoor climate. Heat treatment was 
performed according to the ThermoWood process at 170°C and 200°C. Boards from pine and 
spruce contained both sapwood and heartwood. During water absorption, computer tomography 
scanning (CT scanning) was performed intermittently in order to measure the ascent of capillary 
water. Longitudinal water absorption in heat-treated pine sapwood was substantially larger than in 
untreated sapwood. In pine heartwood, the ascent of water was low in heat-treated as well as in 
untreated boards. Spruce showed low water absorption in sapwood and heartwood in heat-treated 
as well as in untreated boards. In birch, water absorption was lower in heat-treated wood than in 
wood dried at 60°. 

SEM studies of the anatomical microstructure, the pits and pit membranes, were performed 
on heat-treated as well as on untreated material. SEM studies revealed damage in heat-treated and 
dried pine sapwood mainly in pit membranes in the fenestriform crossfield pits connecting 
longitudinal tracheids with radial ray parenchyma cells. This damage is believed to play an 
important role in explaining the differences in water absorption between pine and spruce, since the 
piceoid crossfield pits in spruce seemed to be unaffected by heat treatment. In comparing the three 
different treatment temperatures in birch, no striking, visible differences were found that could 
shed light on the observed large differences in capillary water absorption. 

Keywords: capillarity, absorption, heat treatment, Scots pine, Norway spruce, birch, SEM, 
crossfield pit, pit membrane, fenestriform

INTRODUCTION
In various heat treatment processes, such as ThermoWood and PlatoWood, among other 
industrial-scale heat treatment processes (SUNDQVIST 2003), wood is exposed to 
temperatures between approximately 160°C and 230°C. The main purpose of heat 
treatment is to achieve new material properties, rather than to dry the wood, material  
properties such as increased biological durability, enhanced dimensional stability and the 
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possibility of controllable colour changes. The disadvantages that have to be dealt with
are reductions in various kinds of mechanical strength such as increased brittleness and 
decreased bending and tension strength. Reduced wettability for heat-treated wood also 
affects its glueability and paintability. The wettability of heat-treated spruce (Abies alba)
and pine (Pinus sylvestris) shows similar behaviour with a sudden decrease in wettability 
at treatment temperatures in the range between 100°C and 160°C (HAKKOU et al. 2005). 

Wood that has been exposed to elevated temperatures shows a permanent reduction in 
hygroscopicity that is dependent on temperature level and duration of exposure (SKAAR
1988). Many studies have reported on this subject (KOLLMANN & SCHNEIDER 1963, 
ESPENAS 1971, KINNINMONTH 1976, PRICE & KOCH 1980, SEHLSTEDT-PERSSON
1995, VIITANIEMI 1997). This reduction is mainly associated with a partial 
decomposition of the most hygroscopic cell wall constituent—the hemicelluloses 
(STAMM 1964). This reduction of hygroscopicity improves the dimensional stability of 
heat-treated wood. 

Heat-treated wood is used in many indoor applications such as furniture, flooring, 
panelling and interiors of bathrooms and saunas (VIITANIEMI 2000) but the market is 
growing for heat-treated wood also in outdoor applications such as garden furniture and 
exterior cladding (METSÄ-KORTELAINEN et al. 2006). 

An urgent question in regard to outdoor applications is how absorption of free water in 
wood is affected by the heat-treatment process. In a recent study by METSÄ-
KORTELAINEN et al. (2006), radial water absorption of pine and spruce heat-treated at 
170°C, 190°C, 210°C and 230°C and a reference material dried at 70°C was studied in 
floating tests for up to 146 hours. Significant absorption differences between sapwood 
and heartwood were found for both spruce and pine. For pine, the differences very 
pronounced, with a rapid absorption in sapwood as compared to heartwood. The effect of 
heat-treatment temperature upon water absorption in sapwood differed between the two 
species. In spruce, water absorption decreased in direct proportion to increased 
temperature, while for pine the absorption was largest for 170° and 190°C. While spruce 
sapwood samples never reached 30% average moisture content (MC) during the whole 
test, pine sapwood samples approached 30% average MC for 170° and 190°C treatment 
after only 6 hours’ floating, and reached approximately 45% average MC after 146 hours. 
In spruce heartwood, water absorption decreased directly proportionally to increased 
temperature, while pine heartwood showed a somewhat more complicated pattern during 
the test. Compared with reference material dried at 70°C, all heat-treated pine heartwood 
samples absorbed less water, and the highest temperature (230° C) showed the least 
absorption.

When free water is absorbed in wood applications, it moves in internal three-dimensional 
passages in the wood structure deriving from the growth of the tree and which are 
constructed for the ascent of sap in the living tree. Hollow tracheids in softwood 
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connected to each other with bordered pits at the ends in the longitudinal direction 
constitute the main direction of axial water transport. Radial transport takes place in 
horizontal ray tracheids, and tangential transport via bordered pits connecting the radial 
walls in neighbouring tracheids. Even if pine and spruce at a first glance seem to have 
very similar anatomical structures, the key to the different water absorption behaviour in 
dried wood likely will be found in differences in anatomical structure. 

What differentiates spruce and pine wood? Apart from macroscopic differences, such as 
higher average density for pine, different knot patterns, different extractive content, 
brighter wood colour in spruce, visible heartwood in pine, but not in spruce, other 
differences are found at the anatomical level. The most conspicuous anatomical detail that 
differentiates pine from spruce is the connection between longitudinal tracheids and 
horizontal parenchyma cells in rays. In a radial view, a large window-like (fenestriform)
pit opening is found in pine, with a thin membrane between the neighbouring cells. In 
spruce, a number of small piceoid or cupressoid pits can be seen in the membrane (Figure 
1).

Figure 1 Interconnecting pits between ray parenchyma and vertical tracheids in pine and 
spruce, earlywood and latewood.  

Ray tracheids in spruce (Picea abies) are less multishaped in form and appearance than in 
pine (Pinus sylvestris), and their frequency relative to ray parenchyma cells is much 
lower compared to pine: 1:2.7 and 2.8:1 for spruce and pine respectively. In spruce, only 
one type of horizontal thick-walled ray parenchyma appears, while in pine, about 15% 
consists of thin-walled cells. The average diameter of the piceoid or cupressoid simple 
pits in spruce in the connection between ray parenchyma and vertical tracheids is 2 m, to 
be compared to the large fenestriform pits in pine with an average size of 12 x 31 m. 
The overall pit area is ten times larger for parenchyma cells in pine than in spruce 
(NYRÉN & BACK 1960). 
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LIESE & BAUCH (1967) performed anatomical studies of air-dried softwoods and found 
that all bordered pits in the earlywood zone in sapwood were aspirated in both pine and 
spruce. The thin disc-like torus in earlywood pits effectively closes the opening in the pit 
chamber during withdrawal of capillary water. In the latewood zone, however, where the 
pit diameter is smaller and the shape of the torus is distinctly thicker and is convex 
shaped, differences were found between the two species—while between 20% and 25% 
of the pits were unaspirated in spruce, up to 50% of the pits in pine remained open.  

The overall extractive content is higher in pine than in spruce, especially in the 
heartwood, where the amount is substantially higher in pine. Acetone-soluble extractive 
content in sapwood was found to be 4.5% and 0.9% and in heartwood 9.3% and 0.5% for 
pine and spruce respectively (SEHLSTEDT-PERSSON 2001). A great part of the 
heartwood extractives derives from the content of biologically dead parenchyma cells. In 
pine, the axial resin canals are active throughout the sapwood, whereas in spruce, only the 
3–5 annual rings farthest out are active. Pine also has larger axial resin canals than spruce. 
The average diameter of resin canals is 200 m in pine and 100 m in spruce (BACK
1969). The volume share of axial resin canals is 4 times higher in pine than in spruce 
(PETRIC & SCUKANEC 1973). 

FENGEL (1970) observed globular particles of varying size in the living parenchyma cells 
throughout the sapwood of pine. In the sapwood/heartwood transition zone, where an 
intense biological activity takes place during the mortification of the parenchyma cells, 
these globular particles lost their spherical shape and flowed together, and the content 
was deposited upon the parenchyma cell walls and the membranes of the fenestriform 
pits. In ray tracheids in heartwood, the bordered pits were found to be predominantly 
unaspirated, but completely encrusted with heart wood substances, thus closed not by 
aspiration but by sealing of membranes. This observed encrustation of the membranes 
with heartwood substances in combination with pit aspiration in heartwood probably 
affects the permeability and flow paths in pine heartwood considerably.  

ULVCRONA et al. (2006) studied linseed oil impregnation of spruce (Picea abies), a 
species known to be difficult to impregnate. A higher average uptake of oil was generally 
found in earlywood than in latewood even though aspiration of bordered pits is reported 
to be far higher in earlywood tracheids than in latewood tracheids (LIESE & BAUCH
1967). Exceptional tangential movement of impregnates in latewood bands in white 
spruce (Picea glauca) was observed by KEITH & CHAURET (1988). Similar behaviour 
occurred in some specimens in the study by ULVCRONA et al. (2006). They also found 
that oil seemed to stop at the border between latewood and earlywood. Since ray 
tracheids in spruce often are interrupted by a parenchyma cell at the junction of the 
annual ring (BAINES et al. 1985), this might explain why penetration often stops abruptly 
at the annual ring border in the radial direction. 
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OLSSON et al. (2001) studied transverse liquid flow paths in pine and spruce sapwood 
and heartwood vacuum impregnated with of a low-viscous epoxy. They propose a 
damage hypothesis deriving from the impregnation procedure. For pine sapwood the 
liquid flow was enabled through disrupted crossfield pit membranes. For spruce the 
thicker ray cell walls in combination with smaller crossfield pits reduced permeability 
considerably. The reduced permeability in pine heartwood was believed to be the result of 
deposits of high-molecular-weight substances (extractives) on the cell walls and in the 
parenchyma ray cells. 

HAYASHI et al. (1965) found from microscopic observation that the leading portion of 
transverse penetration of water occurred in ray tissue in the dried softwood species Sugi, 
Hinoki and Akamatsu. Especially sapwood in Akamatsu (Japanese red pine) showed high 
penetration between rays and longitudinal latewood tracheids. Of the investigated species, 
Akamatsu was the only species with fenestriform pits in the connection between 
longitudinal tracheids and horizontal ray parenchyma cells. In fact, the transverse 
penetration weight of Akamatsu was as large as the longitudinal penetration weight of 
Sugi and Hinoki. They also observed that intercellular spaces in rays constitute a path of 
penetration for dyed solution. 

In a study of penetration of different wood coatings into predried pine sapwood and 
spruce, DE MEIJER et al. (1998) found a substantially different behaviour of liquid flow 
into ray parenchyma and ray tracheids between these two species. In pine, the major part 
of the coating flows through the ray parenchyma cells from cell to cell, while in spruce, 
the coating flows in ray tracheids solely. While some coatings only penetrated spruce in 
ray parenchyma into the first cell, the penetration depth in pine parenchyma was as deep 
as 1000 m. Coatings were found to flow from the ray parenchyma into longitudinal 
tracheids through the fenestriform pits in pine. Longitudinal tracheids can be filled by 
several rays, since on an average each longitudinal tracheid is in contact with 2.4 rays 
according to a study of Courtois cited in DE MEIJER et al. (1998). Intercellular spaces in 
rays were also found to be an effective pathway for liquid flow. A bit surprising is the 
fact that removal of extractives from the wood samples did not result in any significant 
differences in penetration (DE MEIJER et al. 1998). 

During drying and heat treatment, wood is exposed to a hygrothermal process during 
which wood properties are chemically and physically affected. The ability to transport 
liquid water is also affected. TERZIEV (2002) found that high-temperature drying (HT 
drying) of Scots pine at 115°C significantly increased its permeability to impregnating 
liquids as compared to pine conventionally dried at temperatures up to 62°C. In a 
subsequent study of the same material (TERZIEV et al. 2002) it was shown in SEM 
studies of aspirated bordered pits that pit apertures in HT-dried pine often appeared split 
and torn, while no such observations were made in conventionally dried material. Also, 
characteristic microchecks in the S3 cell wall layer were observed in HT-dried wood, but 
not in conventionally dried wood. These observations are interpreted as explanations for 
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the increased permeability to impregnating liquids in HT-dried Scots pine wood. 
Modification of the warty layer in HT-dried wood with a “melted” appearance was also 
observed. However, no studies of the cross-pit field between ray parenchyma cells and 
longitudinal tracheids were done. 

The purpose of the present work has been to perform SEM studies of the physical 
changes of the anatomical microstructure, pits and pit membranes, on heat-treated and 
dried pine, spruce and birch used in a study of water absorption in the longitudinal 
direction (JOHANSSON et al. 2006) in order to shed light on questions arising from this 
study of differences between species and sapwood/heartwood. Special attention was 
given to the crossfield pits and the membranes between ray parenchyma and longitudinal 
tracheids in pine and spruce.

MATERIALS AND METHODS 
A thorough description of the origin of the wood material and of the drying, heat 
treatment and absorption tests can be found in the article by JOHANSSON et al. (2006).

Small specimens cut from pine and spruce sapwood and heartwood and from birch wood 
used in absorption tests were prepared for Scanning Electron Microscope (SEM) studies 
in a JEOL 5200 scanning electron microscope. All specimens were mounted with carbon 
paste on metal stubs and sputtered with gold in a Denton Desk II sputter unit before 
observation. All observations presented in this work were made on radial surfaces 
carefully split from areas within the planks from surplus material as close as possible to 
the samples used in the absorption tests. Thus, by using split areas for studies, no cutting 
was done on the observed surfaces in order to minimize manually caused damage. Areas 
of interest were chosen from CT-scanned images during the absorption tests. Observed 
areas had a typical size of 15 x 20 mm. Overviews at quite low magnification, 35 x, were 
made of all radial surfaces for comparison of general observations. 

RESULTS AND DISCUSSION 
In the following figures, a variety of overviews and details are shown for pine and spruce.

Pine sapwood 
In Figure 2 it is shown that a great number of the crossfield pits in pine sapwood show an 
open structure with partly loosened or ruptured pit membranes. No clear difference in 
share of open crossfield pits is seen between the 60°C, 170°C and 200°C samples 
(Figures 2a, 2b and 2c). A comparison of Figure 2d with untreated, fresh pine sapwood 
shows that these crossfields lack the open structures. Magnifications of the crossfield pit 
in pine sapwood heat-treated at 170°C seen in Figure 3 show an example of crossfields 
with loose or missing membranes (Figure 3a) and ruptured membranes (Figure 3b).  



Paper V: Effect of heat treatment on the microstructure of pine, spruce and birch and the 
influence on capillary absorption 

Figure 2 a) upper: Radial surface of pine sapwood dried at 60°C. 
b) lower: Radial surface of pine sapwood heat-treated at 170°C. 
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Figure 2 c) upper: Radial surface of pine sapwood heat-treated at 200°C. 
d) lower: Radial surface of fresh pine sapwood. 
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Figure 3 Details from crossfield pit in pine sapwood heat-treated at 170°C.  
a) upper Main parts of the pit membrane have come loose. Through the open fenestriform 
pit opening it is possible to see the bordered pit in the neighbouring tracheid behind.
b) lower: Membranes in earlywood partly ruptured. 

Bordered pits in pine sapwood. 
Undamaged as well as damaged bordered pits are found in heat-treated pine sapwood. 
Some examples of ruptured membranes (tori) in aspirated, bordered pits in pine sapwood 
treated at 200°C are shown in Figure 4.
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Figure 4 Examples of ruptured membranes (tori) in aspirated, bordered pits in pine 
sapwood treated at 200°C.

Pine heartwood 
The crossfield pits in pine heartwood shown in Figure 5 appear to lack the occurrence the 
open, ruptured fields found in heat-treated pine sapwood. 

Spruce sapwood 
When comparing the appearance of the crossfield pits in spruce sapwood, no visual 
differences are found between wood treated at different temperatures compared to fresh, 
untreated spruce sapwood (Figure 6).

Birch
No striking, visible differences that could shed light on the large difference in capillary 
water absorption reported in JOHANSSON et al. (2005) were found in the SEM studies of 
radial surfaces in birch when comparing the three different treatment temperatures.  
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Figure 5 a) upper: Radial surface of pine heartwood heat-treated at 170°C. 
b) lower: Detail from figure 5a) showing crossfield pit with whole membranes.  
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Figure 6 a) upper: Radial surface of spruce sapwood heat-treated at 170°C. 
b) lower: Radial surface of fresh spruce sapwood. 

DISCUSSION
Judging from the SEM photos, the occurrence of open, partly open and ruptured 
membranes in the crossfield pits in dried and heat-treated pine sapwood is fairly common. 
Even if there is a risk that some of this damage was caused during splitting when 
preparing the SEM specimens, there is no doubt that considerably fewer such areas are 
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found on fresh surfaces split in the same way. These open structures in the ray structures 
of pine sapwood are probably the primary explanation of the effective water uptake in 
pine sapwood as compared to spruce sapwood reported in JOHANSSON et al. (2006).

It is interesting to note that fewer such open crossfield areas are found in pine heartwood 
where water uptake is considerable lower than in pine sapwood. One hypothesis 
suggested explaining this is that during heartwood formation in the transition zone 
between sapwood and heartwood in the living tree, the dying parenchyma cells are slowly 
emptied of their liquid protoplasm. In green sapwood lumber, however, the living 
parenchyma cells are emptied much faster during the drying process. During this fast 
emptying, the thin membranes in the large fenestriform crossfield pits are subjected to 
strains that might rupture and damage the membranes. Since no difference in share of 
open crossfield pits was found between the pine sapwood material treated at 60°C, 170°C 
and 200°C, the damage probably occurred during the initial, capillary drying stage. 

High extractive content, aspirated bordered pits, deposition and encrustation of heartwood 
substances on cell walls and membranes are other factors that diminish water uptake in 
pine heartwood compared to pine sapwood..  

Another question is if resin canals in pine sapwood are paths for water uptake. Compared 
to spruce, the canals are biologically active throughout the sapwood part of the stem. If 
these canals are being more or less emptied during the initial, capillary phase of drying at 
high temperatures, they might contribute to water absorption. Resin flow at lumber 
surfaces is often seen as small dark spots in pine sapwood areas in dried lumber; the 
higher the temperature, the more resin that has flowed in the fusiform rays towards the 
surface.

CONCLUSIONS
During SEM studies of the anatomical microstructure, pits and pit membranes, on radial 
surfaces of heat-treated and dried pine, spruce and birch wood used in longitudinal 
absorption tests (JOHANSSON et al. 2006), the following observations were made: 

Crossfield pits between longitudinal tracheids and radial ray parenchyma cells in 
heat-treated and dried pine sapwood were found to be considerably more open 
than those of fresh sapwood. The membranes in the fenestriform pits were found 
to be partly loose or ruptured. No difference in share of open crossfield pits was 
found between the 60°C, 170° and 200°C material. 

Among undamaged bordered, aspirated pits, damaged bordered pits with ruptured 
membranes (tori) were also found in heat-treated pine sapwood.  
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Crossfield pits in pine heartwood did not show the same occurrence of open, 
ruptured fields found in heat-treated pine sapwood. A hypothesis involving the 
emptying of the parenchyma cells has been suggested to explain this observation. 

In spruce, the crossfield pits seemed to be unaffected by heat treatment and 
drying as compared to fresh, green spruce sapwood. 

The open crossfield structures between ray parenchyma and longitudinal 
tracheids in heat-treated pine sapwood are believed to play an important role in 
explaining the differences in water absorption between pine and spruce sapwood.

In birch, no visible differences that could shed light on the observed large 
difference in capillary water absorption were found when comparing the three 
different treatment temperatures. 
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Capillary Absorption and Redrying in Heat-
Treated Birch and Pine 
Johansson Dennis, Morén Tom  

Abstract
Capillary absorption and redrying in 300-mm-long boards of heat-treated birch (Betula pubescens) 
and Scots pine (Pinus sylvestris) has been studied by using an X-ray CT scanner. The results show 
that increasing treatment results in decreasing capillary absorption with one exception: Scots pine 
treated at 170°C. This increased capillary absorption occurs with a concurrent reduction of the 
equilibrium moisture content. The results also show that it is in some cases more difficult to dry 
heat-treated wood after capillary absorption of water. There is also some indication of an increased 
capacity to attain higher moisture content for heat-treated samples.  

Keywords: Adsorption, Absorption, Birch, Capillary absorption, Drying, Heat 
treatment, Scots pine, Thermal modification 

Introduction
With increasing environmental awareness, alternative methods for improving durability 
and dimensional stability of wood have emerged. One of these methods is a Finnish heat-
treatment method called ThermoWood that was commercialized in the beginning of the 
1990s. This process is performed by heating wood at temperatures between 150ºC and 
230ºC in the presence of superheated steam, which prevents the wood from catching fire. 
The high temperature during the treatment causes chemical reactions to take place in 
different constituents of the wood, resulting in diverse property changes.   
One of the main reasons for heat-treating wood is to reduce hygroscopicity, which 
reduction is an effect of degradation of hemicellulose. Sensitivity to heat is different for 
different species, but hemicellulose is generally less thermally stable in hard woods than 
in softwoods (Fengel and Wegner 1989).
Gerardin et al. (2007) and Petrissans et al. (2003) have shown a reduction of the 
wettability for different wood species heat-treated at 240°C, and according to Hakkou et
al. (2005), this is also the case for Beech when the treatment temperature is 130°C.
However, some studies have shown that there is an increased capillary absorption of 
water in sapwood of pine for treatment temperatures around 180ºC (Johansson et al. 
2006; Metsä-Kortelainen 2006).   

In Johansson et al. (2006), both birch and pine were studied. No increased capillary 
absorption height was found in birch, but the results indicated an increase of the 
maximum MC during absorption. It was suggested by Johansson et al. (2006) that there 
might be an increasing capillary absorption in birch when treatments are performed 
between 60°C and 170°C.  



Without the presence of water, wood cannot be degraded by bacteria or fungi. It is 
therefore crucial to keep wood dry in order to postpone biological degradation. Since 
heat-treated wood is often used in outdoor applications where it might come in contact 
with free water, it is important to know how the treatment affects absorption as well as 
the redrying of the wood and especially if capillary absorption is increased. There are 
factors that indicate that it might be harder to dry heat-treated wood than untreated wood. 
Rousset et al. (2004) studied heat treatment of poplar wood and found it to result in 
reduction of the mass diffusion, without affecting permeability. Another factor is that the 
lowering of the EMC can result in a smaller difference between the MC of the surface 
and the internal wet part of the wood, which would lead to a smaller driving potential for 
the moisture flow, which then would further decrease moisture flow.    

The objectives for this study were to: 
Study the influence of heat treatment on the capillary absorption in pine sapwood and 
birch.
Verify the presence of an increased maximum MC in heat-treated boards. 
Study how heat treatment influences the redrying of samples subjected to 14 days of 
capillary absorption.  

Materials and Method 
The experiment was performed on a total of 10 boards, 5 of birch (Betula pubescens) and 
5 of Scots pine (Pinus sylvestris) with the dimensions 50 x 90mm and 130 x 30mm 
respectively. The boards were predried at 60°C dry bulb temperature. Each board was cut 
into four shorter boards of which three were heat-treated at different temperatures, 140°C, 
170°C and 200°C, while the last one was kept as reference.  

The heat treatment was performed in a small kiln described in Johansson and Morén 
(2005). All pieces were kept at their treatment temperatures for three hours.  

Each part was cut into 35-cm-long boards used for absorption testing, and next to these 
boards samples were cut for MC determination; the average of the two samples was 
defined as initial MC for the whole piece used for absorption testing.  
The samples used for absorption testing were fastened by screwing them to a wooden 
plate as shown in Figure 1, which enabled easy mounting in a medical X-ray CT scanner. 
All samples were initially CT-scanned before being placed on a metal grid in a water-
filled tub for longitudinal water absorption. During the 14 days of absorption, the water 
level was kept between 2.5 and 3.5 cm over the lower end surface of the boards (also 
shown in Figure 1). 



Figure 1: Each board was represented by four different samples treated at different temperatures. 
Samples from the same board were mounted on the same wooden plate. During the absorption 
time, the water level was kept between 2.5 and 3.5 cm above the end surface. 

The samples were scanned after 2 weeks of absorption and then placed in a room with an 
average temperature of 15°C and a relative humidity of 40% for redrying. The samples 
were again scanned after 1, 3, 5, 7, and 16 days of redrying. 

The images acquired through CT-scanning represent cross section slices where the pixel 
data can be calculated to a density value (Lindgren 1992).  From a CT image it is also 
possible to measure the cross section area, which enables determination of the average 
density of a cross section.

The dry weight was determined by subtracting the measured average MC from the 
average density of the initial CT scans. There will be some errors, since the initial MC is 
only based on the average of the two samples taken for determination of the MC—this 
will introduce some error. However the same method is applied to all the samples, which 
means the error should affect all measurements in a similar way.  

The capillary absorption height was determined by calculating the height where the 
average MC in the current cross section is less than 30% (H30) and 60% (H60)
Respectively. 

The adsorption isotherm for 20°C was determined for the reference boards and boards 
treated at 170°C and 200°C for pine. This was done in order to assure that the increase in 
capillary absorption occurs with a coinciding reduction of the EMC.  

The adsorption isotherm for seven different RHs was determined for pine samples treated 
at 60°C, 170°C and 200°C. A total of 63 samples were used, 21 from each treatment. For 
each treatment, 7 samples 3 mm thick were taken from three boards that originated from 
the same three full-length boards. 



The samples were then placed in seven small boxes stored at different RHs. In order to 
attain the different RHs, the boxes contained different saturated salt solutions (shown in 
table 1) and were kept at constant temperature. Before the adsorption, dry mass was 
measured after drying the samples at 60°C in a vacuum oven for 24 hours.   

Table 1: Saturated salt solutions used for determining the adsorption isotherm 
Salt RH
LiCl 12.0% 

CH3COOK 23.1%

MgCl2 33.1% 

K2CO3 43.2% 

NaBr 59.1% 

NaCl 75.5% 

KCl 85.1% 

K2SO4 97.6% 

Results
The adsorption isotherm for pine is presented in Figure 2. The results show a decreasing 
EMC with increasing treatment temperatures for all the tested RH values. No sign of 
increased adsorption was found in the tested samples. 

Figure 2: Adsorption isotherm of pine sapwood.   



Absorption

Figure 3 shows H30 & H60 of the birch and pine samples. These show different responses 
to the heat treatments in both H30 and H60. In birch the maximum values of H30 & H60
were observed in the untreated samples. These values decreased with increasing treatment 
temperatures. The greatest decrease was between the 170°C and 200°C treatments.  
In pine there is a significant (p<0.05) difference in H30 between the 60°C and 140°C 
treatments, and as in birch, the lowest H30 and H60 were found in samples treated at 
200°C. The absorption in samples treated at 170°C diverged most significantly from the 
absorption pattern in birch, since the greatest values of H30 and H60 were found in these 
samples. 

Figure 3: Absorption height after 14 days of longitudinal absorption to the point where the average 
MC is lower than 30% and 60% MC (grey & white) for birch (left) and pine (right). The bars show 
the 95% confidence interval. 

Redrying 

 Figure 4 shows the average moisture content at 5cm above the lower end surface of the 
birch boards. The drying rate was equal for samples treated at 60°C, 140°C and 170°C, 
but the reduction of the drying rate between day 1 and day 7 is more obvious in samples 
treated at 140°C and 170°C. After day 7, the drying rate is more or less the same for all 
samples except the samples treated at 200°C—these had not reached sufficient MC at the 
5cm height in order to be compared to the rest of the samples.   



Figure 4: Average moisture content of a cross-cut slice at 5 cm from the end surface of the birch 
samples plotted against the drying time. 

The average MC for pine at 5 cm from the end surface is shown in Figure 5.  The greatest 
MC after absorption was found in boards treated at 170°C and 200°C. The difference 
between average MC of the heat-treated samples and the reference samples is shown in 
Figures 6 and 7. The difference in average MC to the reference boards increased during 
the first 3–5 days for boards treated at both 170°C and 200°C. The boards treated at 
170°C and 200°C had a significantly (p<0.05) higher MC during the whole redrying 
period, but the difference decreased as the reference boards approached their FSP 
(Figures 6 and 7). There is no statistically significant difference in MC between boards 
treated at 140°C and the reference boards. 



Figure 5: Average moisture content of a cross-cut slice at 5 cm from the end surface of the pine 
sapwood samples plotted against drying time. 

Figure 6: The difference in moisture content between samples of pine heat-treated at 170°C and 
60°C. The solid line shows the average difference, and the dashed line the 90% confidence 
interval. 



Figure 7: The difference in moisture content between samples of pine heat-treated at 200°C and 
60°C. The solid line shows the average difference, and the dashed line the 90% confidence 
interval. 

Discussion

Absorption

After heat treatment, results showed different behavioural patterns between birch and 
pine for capillary water absorption. The behaviour of pine deviats from what is expected 
when heat treated at temperatures below 200°C , as was also seen in Johansson et al.
(2006) and Metsä-Korteleinen (2006).  But the results in this work also show a reduction 
of H30 and H60 when heat-treating at 140°C, which means the increased absorption is only 
related to treatment temperatures around 170°C.   

The capillary absorption height in this work was higher compared to the heights found in 
Johansson et al. (2006). This might be due to the fact that the samples in the previous 
experiment contained both heartwood and sapwood and that they were taken out of the 
water for CT-scanning during the absorption period, which might have introduced air into 
the capillary system, causing disturbances in the capillary action. Samples in this 
experiment were left in the water during the whole absorption time in order to avoid such 
disturbances. The increase of H30 and H60 found in pine samples heat-treated at 170°C has 
so far not been explained. One possible explanation could be that the high temperature 
causes ruptures in pit openings. Sehlstedt-Persson et al. (2006) studied industrially dried 
and heat treated pine by using SEM. In pine sapwood damages such as ruptures on pit 
opening were found in both dried and heat treated samples but since the amount of 
damages was the same it was concluded that these were due to the drying process and not 
to the heat treatment.   



Redrying 

Also during redrying, pine and birch behaved quite differently. Birch treated at 140°C 
and 170°C had a slower drying rate from day 1 to day 7 compared to the reference 
samples, but this was compensated by a lower MC after absorption, causing the samples 
to all end up at similar MC after 16 days of redrying. Even though similar MCs are 
reached, there is a risk of more free water in the 140°C and 170°C samples, since the 
absorption isotherm indicates that the FSP is lowered by increased treatment 
temperatures. This could mean that a greater amount of water is stored as capillary water, 
which is more accessible to fungi and bacteria. Redrying of birch samples treated at 
200°C was not compared to the other treatments because too small amounts of water were 
absorbed.

Pine samples treated at 170°C and 200°C had a significantly higher MC at a distance of 5 
cm from the end surfaces during the whole redrying period. The difference increased 
initially, but after 3–5 days it started to decrease. The reason that the differences decrease 
is probably that the samples treated at 60°C approach their FSP, causing the moisture 
transport to be more and more diffusion dependent, which causes it to slow down. At the 
same time, the MC in the 170°C and 200°C samples is well above their FSP, and 
therefore water transport is not limited to the same extent by their diffusion properties. 
However, if the drying rate for a given MC is studied, it can be seen that for the same 
MC, the drying rate is actually slower in both 170°C and 200°C samples compared to the 
reference samples treated at 60°C, and it is most likely due to a combination of lowered 
diffusion properties and a smaller moisture gradient at the wood surface. Since the water 
at this outer region is transported by diffusion where the gradient is determined by the 
EMC with the surroundings and the FSP, which is decreased by the heat treatment. There 
will be a smaller gradient and therefore also less of a driving force for diffusion of water. 

From the results of this experiment it is clear that more studies need to be done 
concerning how heat-treated wood interacts with free water. At the same time as 
adsorption is decreased by the heat treatment, there is a tendency toward increased 
absorption of free water in pine sapwood. This is even more crucial to study, since the 
heat-treated wood exhibits a slower drying rate as a result of its reduced hygroscopic 
properties. This, in combination with the small amount of research done on how heat-
treated wood performs mechanically in moist conditions, makes this an important area for 
further studies.

Increase of MC 

The results concerning the increase in maximum MC were inconclusive, and it is thus not 
possible to verify or reject the hypothesis of an increased maximum MC in heat-treated 
wood as the results in Johansson et al. (2006) indicated. The initial MC in Figures 4 and 5 
shows that the birch samples treated at 170°C and 200°C exhibit a decrease in MC, while 
the pine samples exhibit an increase when treated at these temperatures. Further studies 
should be performed by soaking samples, since capillary rise will most likely influence 
MC.



Conclusions 

The increased maximum MC found in Johansson et al. (2006) was found in pine sapwood 
heat-treated at 170°C and 200°C, but no increased absorption was found in any of the 
heat-treated samples of birch. Increased absorption of capillary water in heat-treated pine 
sapwood is a phenomenon occurring only when heat treatment is performed around 
170°C; treatment at 140°C and 200°C both result in lower absorption. Results also 
suggest that it can in some cases be more difficult to remove the capillary water inside 
heat-treated wood compared to the untreated references. 
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Water Absorption in Heat-Treated Sapwood of 
Scots Pine: The Influence of Extraction 
Dennis Johansson, Hiroyuki Sugimoto, Tsunehisha Miki 

Abstract

Absorption rates in pine samples dried at 60ºC have been evaluated together with samples treated 

at 170ºC and 200ºC. Heat-treatment at 170ºC results in increased water absorption, whereas water 

absorption decreases when treatment is performed at 200ºC. Three different extractions have been 

performed to study the effect on capillary water absorption. The extraction methods used were: 

ethanol-benzene extraction, water soaking and ethanol-benzene extraction followed by water 

soaking. Water soaking resulted in a reduction in absorption rate for samples treated at 60ºC and 

170ºC, while it increased the absorption rate in samples treated at 200ºC. After water soaking, 

samples treated at 60ºC have approximately the same absorption rate as samples treated at 200ºC. 

Part of the explanation for the high absorption rates found in unextracted samples treated at 170ºC 

should be found in the ethanol-benzene extractive.  

Keywords: Absorption, Capillary absorption, Extraction, Heat treatment, Scots pine, 

Thermal modification 

Introduction

As long as wood has been used, efforts have been made to improve its durability and 

stability. The most effective ways of doing this is so far are to add various chemicals to 

the wood, but as environmental awareness has increased, it has become important to find 

methods with less impact on the environment. The Finnish heat-treatment method called 

ThermoWood has been industrially applied since the beginning of the 1990s. The method 

is performed by subjecting wood to high temperatures, which causes chemical reactions 

to take place inside the wood. It is generally accepted that the reduction in hygroscopicity 

is a result of thermal degradation of amorphous hemicellulose, which is the main bonding 

site for water inside wood. However, heat-treatment is a degradation process that not only 
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affects hemicellulose but also lignin and cellulose, which will lead to unwanted property 

changes such as decreased toughness and strength. The use of heat as a way of improving 

wood properties has long been known and has been scientifically investigated since the 

beginning of the 20th century (Stamm 1956; Tiemann 1915).  

According to Hakkou et al. (2005), the wettability of heat-treated pine is significantly 

lowered for temperatures between 130°C and 160°C; the contact angle increases from 

approximately 0° to just above 90°. Above 160°C, the contact angle remains at 90°. There 

are, however, results that contradict these results by indicating an increased absorption of 

capillary water in pine sapwood heat-treated at temperatures around 170°C (Johansson et

al. 2006; Metsä-Kortelainen et al. 2006). 

No satisfactory explanation for these contradicting results has been found, but if wood is 

seen as a network of small hydrophilic tubes interconnected by small pit openings, then 

capillary-rise changes should mostly be caused by changes in three different parameters: 

permeability, wettability and surface tension.  

Sehlstedt-Person et al. (2006) investigated heat-treatment effects on pit membranes. No 

damage was found that could explain the increased capillary absorption in terms of 

increased permeability. 

The absorption studies done in Johansson et al. (2006) were performed on pine boards but 

since it was too complicated to perform extractions on such big samples, another method 

was used in this work. The capillary action taking place in the wood samples is highly 

dependent on wettability, which is most often measured by contact angle measurements, 

and could be one way of measuring the influence of extraction. Mechanical surface 

treatments have, however, been shown to influence the wetting process by changing 

morphological properties as well as chemical composition (Liptáková et al. 1995). This 

makes it is difficult to determine how absorption inside the wood structure responds to 

changes in contact angle of a sawn surface, since sawing might affect heat-treated wood 

differently than untreated wood. There is also a risk of error when measuring the contact 

angle, for instance, from dilution of surfactants (Wålinder 2001). An alternative method 



based on absorption time for a small water droplet was therefore devised. The idea is to 

study the effects of removing extractable compounds on a phenomenological level and 

not to achieve a value comparable to other studies. 

Materials and Method 

Materials

For this study, a set of five boards of Scots pine (Pinus sylvestris) containing only 

sapwood was used. The boards dimensions was 30 x 130mm and was pre dried at 60°C 

dry bulb temperature. Each board was cut into shorter boards, two of these were heat-

treated at 170°C and 200°C respectively and one board was kept as reference. 

Figure 1: Absorption tests were performed by applying a water droplet to a radial surface of a 

sample taken from a radially cut slice. 

The heat treatment was performed in a small kiln described in Johansson and Morén 

(2005). All boards were kept at their treatment temperatures for three hours.  
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One-millimetre-thick slices were radially cut from the boards as shown in Figure 1. From 

these slices, smaller samples were cut. Four neighbouring samples were taken out in order 

to facilitate getting matched pairs.   

The one-millimetre-thick samples were divided into three different groups (reference, 

170°C and 200°C). Each group contained ten samples; i.e., a total of 120 samples were 

tested. Extractable compounds were removed from three of the groups by various 

extraction methods, and one group was left as reference. The first extraction was 

performed in ethanol-benzene for six hours at 60°C according to the Japanese standard 

JIS P 8010 (1995). The second method was done through soaking in deionised water for 

one hour under low pressure generated by a jet vacuum. The third group was submitted to 

a combination of the two extractions; i.e., ethanol-benzene extraction followed by 

soaking in deionised water. All three groups were oven-dried and weighed before and 

after extraction in order to determine the weight loss due to the removal of extractable 

compounds. 

Absorption testing 

The oven-dried samples were placed under a microscope and then a 4-µl droplet of water 

was applied to the radial surface as shown in Figure 1. The light from the microscope 

causes a reflection on the water droplet's surface. First, the reflection was seen as a small 

circle that grows bigger with time and is then smeared out, finally disappearing as shown 

in Figure 2. By recording the absorption time of the droplet, it was possible to calculate 

an absorption rate (µl/min). 



Figure 2: Images of a water droplet being absorbed by a radial wood surface. The last image (4) 

shows the reflection on the droplet being smeared out, right before it vanishes. 

Results

Extraction

The weight loss due to removal of extractable substances is shown in Figure 3. The 

weight loss was approximately 1% for all the ethanol-benzene and water extractions 

except for water extraction of samples treated at 200ºC, which had a weight loss of 0.6%. 

Within each of the treatment temperatures, the greatest weight losses were found in the 

samples extracted with ethanol-benzene extraction followed by soaking in water. The 

results from the third extraction indicate that an increasing treatment temperature results 

in a decreasing amount of extractable compounds. 
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Figure 3: Dry mass loss due to extraction, i.e., mass of extracted substances divided by dry mass 

before extraction 

Absorption rate 

The absorption rate for the different groups is shown in Figure 4. In the unextracted 

samples, the maximum absorption rate was found in samples treated at 170°C, and the 

minimum in samples treated at 200°C; i.e., it follows the same pattern as for capillary 

absorption height presented in Johansson et al. (2006).
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Figure 4: The average absorption rate of a 4-µl water droplet on a radial surface. Error bars show 

the 95% confidence interval. 

Table 1 shows the matched-pair results with statistically significant changes highlighted. 

Four of the extractions showed significant changes at a level of significance of 0.01. 

Water soaking resulted in a lower absorption rate in untreated reference samples, while it 

resulted in an increased absorption rate when applied to samples treated at 200°C. No 

change in absorption rate was found when the 200°C samples were soaked after ethanol-

benzene extraction. 
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Table 1: The average difference in absorption rate between matched pairs of extracted 

and unextracted samples. The column labelled p-value gives the probability of the null 

hypothesis being true (i.e., no effect of the extraction).  

Treatment  Extraction method Average  
Difference 

P-value

References Water soaking -0.33 0.002 

170 Water soaking -0.31 0.09 

200 Water soaking 0.34 0.001 

References Ethanol-Benzene 0.28 0.20 

170 Ethanol-Benzene -0.82 0.001 

200 Ethanol-Benzene -0.042 0.29 

References Ethanol-Benzene & Water soaking -0.0651 0.54 

170 Ethanol-Benzene & Water soaking -0.78 0.004 

200 Ethanol-Benzene & Water soaking 0.003 0.94 

Discussion

The results in the unextracted reference samples follow the same pattern as the results of 

pine sapwood found in Johansson et al. 2006 even though the absorption was performed 

with a small droplet in radial direction. This indicates that the results should accurately 

reflect how extraction affects longitudinal capillary absorption in wood. The ratios 

between the absorption rates in 60°C, 170°C and 200°C samples in this article are larger 

than the ratios in capillary absorption heights found in Johansson et al. (2006). This was 

expected, since gravitational forces will have an increasing effect with increasing 

absorption height.  The flow resistance for both air and water will also be greater when 

the amount of water absorbed is higher. This means the results should give an indication 

of how wood boards would be effected by extraction.  

Water soaking extraction 

Extraction by water soaking is of interest since wood is often subjected to water when 

used in its final application. The untreated reference samples exhibit a reduction in 



9

absorption rate. Sandberg and Lindgren (2003) obtained similar results in untreated 

spruce after repeated absorption and desorption.   

Samples treated at 170°C exhibited a decrease in absorption rate that was statistically 

significant only at a significance level of 0.09. However, an F-test of the variance of the 

unextracted and the water soaking extracted samples showed that the probability for both 

sets coming from the same population was only 0.04. Considering both the change in 

average and variance of the absorption rate, it is clear that the water soaking extraction 

has influenced the absorption rate. 

The cause of these changes is not yet known, nor is it known or whether the change in 

reference samples is caused by the same phenomenon that causes changes in samples 

treated at 170°C. Further research to analyse these changes could be:  

Analysis of the extractive.  

Studies of changes in aspiration of pit openings.  

Analyse how polarity and acidity of the liquid absorbed affects absorption rate 

and capillary absorption height, since water-soaking extraction will wash out 

soluble acids, which influences the acidity of the water that gets absorbed in a 

subsequent absorption test.

Pine treated at 200°C exhibited more than a doubling of its absorption rate after water-

soaking extraction, which means it actually absorbs water as well as untreated wood. 

Further research is needed on this phenomenon, especially since heat-treated wood is 

often used in applications where it will come into contact with free water. Further 

research should also be done in order to determine whether this increased absorption rate 

could be used to improve, for instance, gluing properties by presoaking and drying of 

surfaces before gluing. 

Ethanol-Benzene Extraction 

The average increase in absorption rate after ethanol-benzene extraction in the reference 

samples was only statistically significant at a significance level of 0.2, and the F-test 

showed that the difference in variance between unextracted and ethanol-benzene 
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extracted samples was different at a probability value of 0.13.  This indicates that ethanol-

benzene extraction influences the absorption rate, but it is not possible to draw any 

conclusions as to why and how. 

In pine treated at 170°C, the absorption rate was reduced to less than half after ethanol-

benzene extraction. This suggests that the reason for the increased absorption found in 

pine treated around 170°C is to be found in the extractive. Géradin et al. (2007) found the 

wettability of Scots pine treated at 240°C to be lower, and their results indicate that most 

of the reduction appears to be related to degradation of hemicellulose. These wettability 

measurements were performed on sawn surfaces, which means that the wetted surface 

contains all the different parts of the cell wall. In this study, the absorption rate into the 

wood is measured, which means that the wetted surface will mainly be the S3 wall inside 

the lumen. This part of the cell wall does not have the same composition as the surface 

tested in Géradin et al. (2007). For instance, it contains less hemicellulose and more 

lignin. According to Nuopponen et al. (2004), lignin becomes partly soluble when the 

treatment is performed at 180°C. Therefore, it would be interesting to investigate how the 

wettability of lignin and other constituents of the S3 wall are influenced by heat.   

Ethanol-benzene extraction did not have any significant effect on the absorption rate in 

pine treated at 200°C. 

Ethanol-Benzene extraction followed by water soaking 

Combining both extraction methods in the reference samples resulted basically in the 

same absorption rate as in the unextracted samples. This suggests that any increase in 

absorption due to ethanol-benzene extraction is cancelled out by the following water 

soaking.
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The water-soaking extraction after the ethanol-benzene extraction of pine treated at 

170°C did not influence the absorption rate compared to samples solely extracted by 

ethanol-benzene.

The most interesting result found by combining both extraction methods was when it was 

performed on samples treated at 200°C, this because the absorption rate lacks the increase 

found in samples subjected solely to water-soaking extraction. This implies that the 

substances causing the increased absorption in samples extracted by water soaking are 

extracted from the wood. 

Conclusion

The results in this study show that extraction of heat-treated pine sapwood has some 

significant influences on the capillary absorption rate. Ethanol-benzene extractions slow 

down the absorption rate in samples treated at 170ºC to less than half the reference 

absorption rate, while this extraction method has less effect on the reference samples or 

samples treated at 200ºC. Water-soaking extraction slows down the absorption rate for 

the reference samples and samples treated at 170ºC, while it significantly increased the 

absorption rate in samples treated at 200ºC. More research is needed on how absorption is 

affected when wood is subjected to free water. Since 200°C is a standardised treatment 

temperature for ThermoWood used for improving dimensional stability, and since after 

water-soaking extraction it exhibits absorption rates similar to those of untreated pine, it 

is especially important to investigate this further. The increased absorption might also be 

useful in improving the glueability of pine treated at 200°C by presoaking the surface. 

There is also a need for further research to identify the extracted compounds and 

determine their origin. Further research should be done in order to investigate how 

wetting of the S3 cell wall inside the lumen is correlated to contact angle measurements 

and how it is affected by heat-treatment.  
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